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GENERAL INTRODIJGTrON TO st^’PtwS 


• 

Dijuing the past few years the civilised world has b|gun to realise th 
advantages accruing ^ scientific research, with the result that an evei 
increasing amount or time and thouliit is being devoted to various branehe 
of science. 

No study has progressed more rapidly* than chemistry. This scienc 
may bo divided roughly into several branches : namely, Organic, Physical 
•luorgamo, and \Analytical Chemistry. It is impossible to write any singl 
text»bo^ which shall contain within its two covers a thorough treatment o 
an^ one of these branches, owing to the vast amount of information that ha 
been aceui^ulated. The need is rather for a sorites of text-books dealing mor» 
Dr less comprehensively with each branch of chemistry. This has already 
been attempted by enterprising firms, so far as physical and analytica 
chemistry are concerned ; and the prcvseiit series is designed to meet th( 
needs of inorganic chemists. One great advantage of this procedure lies ii 
the fact that our knowledge of the different sections of science docs noi 
progress at the same rate. Consequently, as soon as^y particular pari 
advances out'of proportion to others, the volume dulling with that sectior 
may bo easily revised or rewritten as occasion reejuiref. 

Some method of classifying the cleTnenU for%'4itment in this way 
clearly,^Hseiitial, and we have adopted thff Periodic ClassificaticJ^ with slight 
alterations, devoting a whole volume to the consideration the elements in 
each vertical column, as will bo evidout from a <djnuv' nf 4.^^ 

•Frontispiece. 

In tRo first vuiuuie, m acidition to a detailed acconntff 4 £#lRe ETements 
of Group 0, the general priticiph^s of Inorganic Chemistry are discussed. 
Particular pains have been taken in the selection of material for this volume, 
and an attempt has been made to present to the reader jf Jlear account ftf 
the principles upon which our knowledge of modern Inorganic Chemistry 
is based. , ' , 

the outset jtjmay be well to explain that it was not intended to write 
a gompleto text-book of Physical Chemistry, Numerous excellent works 
hMe^lready heiwi de'!^)te(^to this subject, apjf a voluiho on such lines would 
• scarcely serve as a suitably introduction to this series. Whilst 'Pliysical 
Chemistry deals with, the general principles applied to all branches oil 
*theoretjpal chemistry, our aim has been to emphasise their aj^lication to 
tnorganic Chemistry, with which branch of the subject this series of text- 
l^ks is exclusively concerned. T’l this end practically all JJio fllustfations 
t^tho laws •and principles discussea in \olume I. dealgwit^ inorganic 
substances. • % * * * 

^ Again, there are many* subjects, such as the methdds employed .id the 
accurate determination of (itomic weights, which* /tre nnf 
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as forming part of Physical Chemistry. * Yet these are subjec^js siifreme 
importance to the student of Inorganic Chemistry, and are accordingly 
included cin the Introduction. ^ 

Ifydrogen and the ammonium salts arc dealt with in Volume IT., along 
with the Elements of Group 1. The position of the rare earth metals in tlie 
Periodic Classification- has for mapy yeaA bcen^a source of difficulty. They 
hare all been included in Volume IV., along with the Elements of Group 111., 
as this Mas found to be the most suitable place for them. 

Many alloys and compounds have an equal claim to bo considered 411 two 
or more volumes of this scries, but this would entail unnecessary duplication. 
For example, a^’oys of copper ahd tin might be dealt vTith in Volumes II. and 
V. respcctivel3^ Sipiilarly, certain double salts— such, for ^amplc, as ferrous 
ammonium sulphate— might very logically be includ^d^ in volume If. under 
ammonium, and in Volume IX. under iron. As a general rule this difficulty 
has been overcome by treating comnlex substances, containing two or more 
metals or bases, in that volume dealing witli the metal or base which belongs 
to the highest group of the I'enodic Table, For example, the alloys of copper 
and till are detailed in Volume V. along with tin, since copper occurji.earlier,* 
namely in Volume II. Similarly, ferrous ammonium sulphate is discuss^ in 
Volume IX. under iron, and not under ammonium in Volume II. The ferro- 
cyanides are likewise dealt w’th in Volume IX. r, ° 

But even with this arrangement it has not always been found easy to 
adopt a perfectly logical line of treatment. For exanqile, m the chromates 
and permanganates the chromium and manganese function as part of the 
acid radicles and are analogous to sulphur and chlorine in sulphates and 
perchlorates ; so that they should be treated in the volume dealing with the 
metal acting as ha namely, in il o case of potassium permanganate, under 
potassium in Volume IT. But the alkali 'permanganates possess such close 
analogies with one anotj «er that separate treatment of these salts hardly seems 
desirable. They arc tl<*er fore ronsiucred in Volume VIII. 

Numero^io other liltle irregulairties of a like nature occur, hut it;w hoped 
that, by moans o{ carefully compiled iiuh'xcs and frequent cross referencing 
in the teiis of the separate volumes, the student will cxj^erieiioe no difficulty 
in finding the information he yeijuircs. ' i ^ 

Pafvioufah has been taken with the sections dealing with tlie atomic 
weights of the elements in question. The figures given are not necessarily 
those to he found in the original memoirs, hut liave been recalculated, except 
vthere otherwisu floated, using the following fundamental values : — 

- Hydrogen = 1 •00762. Oxygen = 16 UOO. 

Sodium = '22-996. < Sulphur 62 065. 

I’otassiiun ^ 69-100. Fluorine^ 19^ 1 5^ 

Sliver =107H80. Chlorine- 6r)‘457. 

(iarhon 12rKj.3. Broi^ifnc^^ 79f^i6. 

iV^trogen - 11-008. Iodide - 126-920. 

By adopting this method it is easy to compare directly the results oj earlier 
investigators with those of more recent date, and moreover it renders the 
data. V’er tiio different elements strictly Icomparahlo throughout .the who^e 
series. ' ^ ‘ 

Our aim Oiot’-toiKto make the volumes absolutely exhaustive, as 
this would render Ihem unnecessarily bulky aryl expensive ; rather has ^it 
been to contribute concisk and suggestive accdiuiits of the various topics, 
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and t» numerous references to the leading works and memoirs dealings 

with the same. Every effort* liiis bjKJn made to render these references 
accurate and reliable, a^d it is hope(^t?^.t they will prove a useful feature 
of the series. The more important abbreviations, which are substantially 
the same as those adopted by the Chcunical Society, are (hjtailod in the 
subjoined list. • 

In order that the series shall attain the maximum utility, it is nocesaftry 
to arrange for a certain amount of uniformity throughout, and this fnvolves 
the suppression of the personality of the individual anflior to a corresponding 
extent for ^hc sake of the common welfare. Jt is at once iw duty and iny 
pleasure to express in^ sincere appreciation of the kind ancir ready nianiisr 
in which the ati^iors have accommodated tliemselvcs ^ this task, wliich, 
without tlieir hearty ^o^peration, could never have been successful. Enially, 

I wish to acknowledge the unfailing eouilesy of the publishers, MeSsrs 
Charles Grilhn & Co., who have done ev 4 ‘»’ything in tlioir power to render the 
work straightforward and easy. 

J. NEWTON FRIEND. 

^.pkniber 1910. 



rxtJi;i? AUH; i'U TJtfffi' SECOND EDITION 
OF VOLUME 1. 

I 

PARTS I. AND II. 


«,o vuij uwo years have elapsed since the first edition of this volume receivea 
publication, and as, moreover,^ during this period ftivesligatrons in pure 
science have been (<^roatly retarded by the war, it was felt to be neither 
necessary nor desirable to institute any fundainental (change in this second 
edition. The Authors have therefore in the main confined their altera- 
tions to— ^ 

1. Correction of such verbal or other mistakes in the first edition as 
chave been brought to tlieir notice. 

2. Revision and addition of such physical and oilier data as se&ined 
desirable in view of the latos{ published researches. 

3. Addition of references to the most recent literature dealing with the 
various subjects under discussion. 

4. Re-writing the si'ction on Valency in considerably greater detail. 

In conclusion, the Authors desire to thank their readers for the kind 
reception aocorded^,to the first cditi(j»n of this volume. 


'j. N. F. 

H. F. V. L. 
W. E. S. T. 
H. VrA.B. 

November 1916 ."'“ , 


PREFACE TO 'I'UE THIRD EDITION 
OF VOLUME I. 

i 

PARTS I. AND II. 

In view of tlio fact l^iiat vorv-'few inv(>s'..iga(ioivs^in pure science liave b§en^ 
(iiurried out since the second edition of tliis volume was i^.sued, it has been 
judged desi'rable to pulilish this lliiid edition without making any al|ieration|;' 
in the text, 

J. N. F. 

F. y. b. 
w. e: S. T, 

H. V. A. 13 


June 1, 1*91 f 



PREFACE TO PART 1. 

(FIRST KDITIOX). . 


The preparation of inis introaucioiy I 'art has proved to bo a^ask of pecujjar 
difficulty. At thrf) outset we would emphasise the fact tjpat our aim has not 
been to write a cfuJpleto text-book of 1‘liysical Chemistry. Numerous 
excellent works have already been devoted to this subject, and we felt tliat a 
volume on such lines would scarcely secern as a suitable introduction to this 
series. Whilst Physical Chemistry deals wirti the general principles applied 
^ to all branches of theoretical chemistry, wo have been desirous of emphasising 
their ajaplication to Inorganic Chemistry, with which branch of the subjetj^ 
thiifserios of textrbooks is exclusively concerned. To this end practically all 
tl^e illustrations to tho laws and principles discussed deal with inorganic 
substance* ® 

Again, there are many subjects, such as the methods employed in the 
accurate determination of atomic weights, which are not generally regarded 
as forming part of Physical Cliemistry. Yet these are subjects of supreme 
importance to the student of Inorganic Chemistry, and are accordingly 
included in this Introduction. , 

Wo have attempted in tho opening ^chapter to prqe?nt to tho reader % 
concise account of tho Fnndamc^it.al Laws upon whmli the modern study of 
Inorganic Chemistry rests, and to .show how they Rave J^ecn confirmed by 
modern experimental research. In Ihe^wo iucccL#iitg chapters tho general 
Propeilics of Elements and Compounds*are discusseri, whilst ^laptcr IV. is 
devoted to the stud^y of the various methods of determining; Molecular Weights 
and the discussion of the values sometimes obtained. Chemical Cfiange and 

* the Properties of ifeids, Bases, and Salts form.the «id)^ect matter of Chapters 
V. and VI. 

Tho determination of the Atomic and E<piivaloiit or Combining Wdlghts of 
the Elements is dealt wdth in Chapter VII. Several pages are here devoted to 
a discussion of the best meiyis of carrying out the neces.sar'f ^leniical proceases 
involved, and attention is drawn to the numerous experimental errors that^ 
must be guarded against if results of thp highest accuracy are to%6 obtained. 
By*way of itluskation, a full account is given of the metliods employed by 
Biclj^irds and his collaborators in determining the atomic weight of lithium, 
-I^ precipitatiofi of The •hlorido*wilh silvty;' nitrate# As a second example 
we have chosen Guye’s researches on the atomic weight ofonitrogeU;^ as it 
involves the determiiiation of the densities of highly purified gases. ^ ^ 

• These descriptions will, we hope, cnablo tho student to re6,lise to 'what 
a high degree of accuracy it isjiossiblo to attain in modern chemical and 
^ihysioal -research. 

A short Account of vSerios Lines m ypoctra, the Zeeman ilitfect, and the con- 
nection between Spectra and Atomic Weights istals# Tnchjlcdtin Chapter VII. 
JLack of space has preve|ited us from dealing^ with the general .suhjieot of 
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SpectroscopJ in this volume in Chapter but an account of Ab?orptit)n and 
Phosphorescence Spectra will, be found in Volume IV. of this series, in con- 
nection with Ihe Haro Earths. ^ ^ 

^^he final chapter is devoted to the Classification of the Elements and a 
consideration pf their Valency. 

^ It seems impossible to find 9 perfectly lofj;ical order of sequence for such 
a inde range of subjects, and some of our readers may think that the material 
mi^it have been more suitably arranged. In reply we can only say that the 
present scheme was decided upon after very careful consideration of the whole 
problem, and although we realise its imperfections, we^ believe it to bo on the 
whole a fairlyn satisfactory one. Since, moreover, the book is addressed to 
students who already possess an elementary knowledge ^f chemistry and 
physics, the occasional departures from logical order E^hould not create any 
difficulties. By means of tlio full index and frequent cross-referencing in 
the text, the student should experienpo no difficulty in finding the information 
he requires. ^ 

A considerable amount of entirely new material has been introduced into 
the different chapters, and is hero presented and discussed, wo believg;: for the 
first time in book form. 

In an attempt to cover so wide a field in the space afibrded by some 
pages, it is obviously impossible to deal ('xhaustively with the wi.ole of the 
subjects. Our aim, therefore, has been to contribute concise and suggestive 
accounts of the various topics, and to append numerous references to the lead- 
ing works and memoirs dealing with the same. Every effort has been made 
to render those roferencesVecurate and reliable, and it is liopcd that they will 
prove a useful feature of the work. The abbreviations are substantially the 
same as those adop^;'d by the Chennfical Society. 

The various sources from which we ‘liavo culled information are, we 
believe, fully ackijowlcc^ jed in the text, but we take this opportunity of ex- 
pressing our indebtedijer. to tfio (.teological Department of the Imperial 
College of Science anc/ Technology for the drawings upon which mos^'of our 
crystallography dir^rams are based, and to Mr Eric Sinkinson, of the Imperial 
Ccllege of Science and Technology, for executing several of the other diagrams. 

J. NEWTON FRIEND. 

II. F. V. LITTLE. 

W. E. S. TURNER. 


August 10] 4. 



PEEFAdK 1'() PART ‘ll. 

(WUK'r IvIHTJON) 

In the second p:irl Ih# Author has eji(lcav(nu*ed to j)ivscnt a full and clear 
account of the present state of our knowled^u' of the inert gases of the atfiio- 
sphero, and es])ecially of those points wlneli arc Of interest to ehoinists. 

Hitherto the most complete account in h^liglish of these gases has been 
given by Kamsay in The (Jases of the Atin'jyiheye, and by 'travers in The 
oj^usi'As, and the Author would hero like to express his indebtedness' 
to tlftse works. 

iiThe present work differs materially in several ways from its predecessors 
{e.g. in dealing in detail with the evidence for an(? against the common belief 
in the inertness of the elemonts of Group 0), and it lias been the aim through- 
out to draw a clear line of demarcation between what is deCinitely known 
conceri'iing the inert gases and whakis uncertain or speculative. 

Particular care has been taken to furnish numerous and accurate 
references to the leading literature on the subject, so that readers wisliing 
to study any of the sections in further detail may be abli^o do so with the 
minimum of trouble. 

In conclusion, the Authoi vusues lo r^iaiiR iir J. r^'ewtoti Friend and Mr 
H. F. V. Little, ll.Sc., fm- their kindly criticiAn of TiS^MS., and to acknow- 
ledge th# assistance of these gentlemen an?l of kliss 11. K. Stei^ison, B.Sc., 
and Mr W. Jevons, ^.Jt.G.S., B.Sc , in correcting the proof.-*. ^ ^ 

The plate of spectra has been reproduced from photographs taken in the 
^istrophy^ical Labor?itory of the Boyal College* of Science^ iy^uy^ie A^ithor’s 
thanks are duo to Professor A. Fowler, F.B.S., for kind asftCtanco ,in it.s 
preparation. 

H. V, A. BRISCOE. 


August 19U. 
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• VOL. I. PAltr I. 

AN INTEODUGTION TO MODERN INORGANIC 
CHEMI^^TRY. 


CHAPTER I. 

.THE FUNDAMENTALS OF CHEf/IICAL SCIENCE. 

Introductory ; Chemical and Physical Changes.— The various changes 
that bodies undergo may be divided into two classes, termed Physical 
Changes and Chemical Changes. Physical changes affect only a few 
of the properties of bodies concerned ; their consideration forms the subject 
of Physics. Chemical changes aro of a more profound nature ; the bodies 
concerned in them disappear, and their* places aro tHk(?!i by other bodies, 
possessing other properties. • • 

It is not easy to draw a sharp distant tion between thfse two classes of 
changes, but the nature of the diffenmces bfetween*tlicm may be indicated 
by a fevf oft-quoted examples. Consider,* for examplf a pieci»t)f sulphur.' 
It is a pale yellow, .solid body of low specific gravity, ty'en rubbed wit^ 
a cloth, it acquires the ^iropcrty of attracting scraps^ of paper and other 
fight obj^ts, i.e. it becomes cloctritied. It stiM refaibs its^ othqjf properties 
unchanged, however, and can be made to lo.so its new proportj^of oiccirificar 
tion without bringing about a change in any of its other properties. The 
electrification of sulphur is therefore a physical change. When the sulphur 
is heated, it easily melts, forsiing a yellow liquid ; on coolinfj it again pEissef, 
into the solid state. It is not so easy to understand why this change should 
be classed as physical; but for reason.'i that will appear later, change of.’ 
stata is usually regarded as a physical phenomenon. 

•M^hen the piece of sulphur is brought into contact with a flame,.’ a . 
profound change^ occufs. ijie sulf hur cabjlics fire, afftl bums with a paje ' 
'*l>lue flame; eventually it disappears completely. At the %ime ti^, 
^characteristic smell is noticed, indicating thfit something has bee« produced 
was not present initially. In fact, a portion of the surrounding am 
disappears 'With the sulphur, and^ colourless gas (sulpl^ir dioxide) vijth. 

' a powerful odour is produced. When sulphur burns, therefoie, ^ chenficat 
change occurs. . • 

. : -Mercury or quicksilver is a mobile, silver- white* shiqing Ihjuid 6f -high 
' 'B|»eciflo gravity and boiling^oint. When a little mercury is Ideated, ii^ air , 
:,\f9r a OOUsidemble time at a tempejaturo slightly below its bOilinir-DoinL the 
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voocurretjce of, . a change ^/i¥^e eyi4®»^>t5^* !S- 

new ^ed body oniho surface gf the. ineroury; ': Sere itgain In0\idr tites p^, 
m the change. If the experiment parried out in. a closed vessel/the're^. 
body, eventually ceases to be formed, and tlio gas which remainf (mainly* 
nitrogen), is fecund to differ from ordinary air since it extinguishes a Ughted 
^piatch. f ^ 

When thb new red body (mercuric oxide) i^ heated in a tube, it darkens 
corfsiderably in colour, and ultimately becomes almost black. This is Only, 
a physical change, and, on cooling, the body resumes its former app^arahese. 
A chemical change occurs, however, when the body is more intensely heated!’- 
^ercifry is observed on the cool parts of the tube, and a colourlesSj gas (oxygen) 
is produced that i|i easily shown to differ from ordinary^ air since a splint 
of wood that just glows in air bursts into flame whfn^ plunged into the gas." 
If Jthe heating is prolonged sufficiently, the red body completely disappears* 

A chemical change also takes pl^ce when a little mercury and sulphur 
are rubbed together vigorously in a mortar. Much of the mercury and 
sulphur disappear, and a new black body (mercuric sulphide) makes its 
appearance. ^ 

Ch^ical changes are a matter of common observation in dailjTlif^; the 
burning of coal, oil, and gas, and the decaying of dead vegetable and dnimal 
matter are familiar proceises which are readily seen to comg, under this 
heading. The science of Chemistry is concerned with the elucidation of the 
laws relating to these phenomena*. 

• The laws of chemical combination will be discussed in this chapter, and 
the classification of chemical changes, etc., considered later (see Chap. V.). 

The Conservation of Mass. — The quantitative study of chemical 
changes has led U. tlie formulation of a fundamental law, which applies to hll 
, changes, both physical, and chemical. Thi j is the Law of the Conserva*- 
tion of Mass it m% bo stated in tho form that the mass of a system u 
ymdtered by any change that occuri within it^ or that in a chemical change 
the total m^s of the 0^bstances that disappear is equal to the total mg^ss of the 
wbstances prod'if^ce.d. For example, referring to one of the changes already 
toentidned, the mhss of the mercuric sulphide formed *is precisely equal to 
the sum ctf the masses 0 (f th^ mercury and sulphr.r that disappear. In the 
chemical cffiujge that takes place when sulphur burns, the law do^s^ not, at 
first sight, appear to hold ; but this is due to the fact that two of the three 
bodies, (K)ncerned iu the change arc colourless gases. When the diminution 
j<n tihe mass of the surrounding air is determined, and also the mass of the 
gaseous substaAce produced, it is found that tho latter exce is the former 
r by oxactl;^ the mass of the sulphur that disappears. . ; , . 

The discovery that, in the formation and decompositiow of merohri^ 
Oxide, the combined masses of the mercury and oxygon taking part in^^e. 
cMnges are equal to^he mass of the mercuric o\\de, is duetto Lavpisi^l’, and 
is of great historical interest to the chemist, fact, it was by Lavoisier: 
the Law of the Conservation of Mass was fir|t clearly perceived 
It* is rjot difficult to realise that such a law should have escafi^Wj^ 

' attention of the early chemists, unacquainted as they were with the lyistepfe 
lOf differoifb g|SGtfi! and unaccustomed to placing any reliance on measuremdpi 
■ of mass (or weight) in interpreting tfie nature of chemical changei. y 

" Al^ougljfit is dififfcvlt fo realise how chemistry could exist as B,a 


ifavoisier, (Enwts^ vol, i. p. 101. 





wj^tjon^rvatcjn or Mass were oou srue^ imnuftt xi6-y%^ 
I3i^l0^ ^e. bocne In mind that tlxa law rests n^dn a purely ’eiperimei^ 
|;jts'ttuth i» Assumed in all quantitative t^hemieal worlt, aud . as^U^piM 
•haA never l^d t6 contradictory concHisiona. The indirect evidence dr ,t^e 
validity' of the law is supplemented by the results of direct ex^erim^nts^ 
especialfy undertaken with tho<object of putting tho law^to the*te8t. IH^tteed - 
different reactions were studied by LaiidoTt'^ with the greatest care^' tlro 
' method employed being briefly as follows. The materials used in a ryaotioh 
. jwere contained in the limbs of. a sealed, inverted U;tubc, which, after beipg 
weighed against a similar counterpoise, was righted in order to mix tho 
materials aud cause th? roactiori to take place? Tho weight wa%thon observed - 
again* The contents of tho counterpoise were then mixed, and a third wei^'- 
ing made. The con^di^sion finally reached by Landolt*\yas that in these, 
reactions there was no diUcrcncc between the masses of the sy stems bel^re 
and after chemical change greater than could be .attributed to error in 
weighing. The latter was only O O.'l mgrm.,,and the masses of the reacting 
systems were of tho order of 1500 gnus 

.* Additional evidence of the accuracy of the law is contained in the data 
supjjjiefi^y Stas''^ in his syntheses of silver bromide and iodide; by Morley* 
and Noyes ^ in their syntheses of water; by Edgar in his syntheses of 
hydrogen cj^loride, and by (Jray^ in his analyses,of nitric oxide.'^ Hence, \i 
any changes in mass do occur in chemical reactions, they must be far too 
small to be of any practical importance to Iho chemist ; and the Law of the 
Conservation of Mass may be classed among the exact laws. 

The Conservation of Energy.— Corresponding to the principle of th© 
conservation of mass there is anotlier fundamental pliysical principle con- 
cerning ener(/y. Tlie general statement of#tlio principle of Conservation 
of Energy is as follows , 

total energy of any material system is a quarry which can neither ht 
increased no)' diminished hy any action he^^ceenjihe pa.ps of fhe system^ though 
it may ^ transformed into any of the forin% of which energy is suscpotihle. 

The energy content of tho products of a chemical change !h, in general, 
bo^yever, difi'orent fit)rn that of the starting materials, and^tnis is m^-nifes^d 
AS a rule by the ovt4ution*or absorption of heat dyrpig the reaction. This 
phenomenon will bo discussed in some detail in alater chaptei (Cbjilf V. p, 161). 

Although the total quantity of energy in tho universe is constant, it ifi 
not all available to man for the purjjosc of doing work. During every trans- 
formation some energy is converted into Ijeat, which bAipmes uniformJj 
diffused and is therefore generally regarded as being unavailable inasmuch 
Os further change is'deemed impossible. If this be grantrdy it i^ clear ibat 
the total aviiilable energy is steadily ^liminjshing, while tho unavailable 
is as steadily increasing, and a time must come when all the availabb 

.* Landolt, aUzuiigsher. K. Akl^. IFiss. Berlin, 301 ; 190(5, 266 ; lJi08, 364 ; 

^Stkal Chem., 1893, 12 , 1 ; 1906, 55 , 689 ; Chem. News, 1906, 93 , 271 ; review by Gtt 3 i 
ffiV.-atw.Mys., 1908, 6, *626. • 

?'Stw, (Euvres computes, Brussels, 1891, vol. 1 . ]ip. 3('S, 419. 

• Morley, Smithsonian Contributions, 189.'*, 29 , No. 980, 

♦Noyest Amer. Chem. Soc., 1907,%9, 1718, 

•■ Edgar, Phil. Trans., 1909, A, 209 , 1 . * ' 

Trans. Chem. Soc., 1905, 87 , 1601. , 

.. ’ Manley, Proc. Roy. Soc., 1912, A. 87 , 202 f Ph% Trey^s., 1*12, A. 2 W '2?r 

* • eWk Maxwell, Matter and Motion (Society for Promoting Ohrietian ‘KnvWwg© 
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energy of fchft universe will become unavailable, the yniverse itself lfe(y,miufi 
a uni/orhily hot, inert mass. ^This doctrine is known as the Di$si|)atian 
Eticrgy^. The fact, however, that Ve are not at present acquainted #ith 
any method of rendering uniformly ^ifffisod heat avaflable does not necessarily 
implj' that it is actually incapable of being rendered so ; and it may well be 
that, by pVooe^ses no^ yet understood, the so-called unavailable energy is being 
hontinuoualy transformed into available energy, so that the universe may 
never reach the state of equilibrium and inertness referred to above.^ 
Mixtures and Homogeneous Substances. — Simple infection 
reveals the fact that certain substances do not possess identical^propertiee 
throughout. J^bus, the existence of three different biaterials ^in granite is 
infmediately obvious when a piece of that substance is examined, fiy 
breaking up the grinite into small fragments, these ,.tlyee materials become 
mejjhanioally separated; and a further examination discloses differences in 
density, crystalline form, etc., between the three materials. 

On the other hand, a piece qf the' mineral known as Iceland Spar shows 
no obvious differences in properties in different places, neither does it do sc 
when reduced to fragments. On the contrary, a careful study of the specific 
physical properties - of the fragments shows that they are all spcdfffiegs o\ 
the same substance. 

A substance, such as Icgland Spar, which ordinary observation does *ol 
show to consist of different parts, is said to be homogeneous ; the minutesi 
portion that can be mechanically detached possesses the same specific physica, 
properties as does the substance in bulk. A homogeneous mass is also referrec 
to as a phase. Materials, such as granite, which possess different properties 
in different parts, are said to be heterogeneous, or are called mixtures 
Chemistry is primarily concerned with the study of homogeneous substances 
and in the following ^ages the term “ substance ” will bo used to denoti 
“homogeneous substai^^e.” 

Solutions.— It wi}l be ^een« subsequently that substances may b 
divided into three grwps. The substances belonging to one of thei^ group 
are in many respects an.alogous to mixtures; accoixlingly, some chemist 
nestriefc Uie appheation of the term “substaiuic” to the other two groupi 
only,** excluding this p{\rtf’cular group, which comprises solutions. , o 

'Thfi sig^ifig^niG of the term “ solution ” may bo best explained by means 
of an example. If a small quantity of common salt be added to water, it dis- 
appears, and, either as the result of long standing or of stirring, a homogeneous 
liquid mass is of^jtained, termed a solution of salt in water. If further 
additions of small amounts of salt bo made, they too disappear, until 
^ evdntually^^ limit is reached, after which further quantities of salt cease to 


^ Tills point has been fully discussed by H. S. Slielton {The Oxford and Cav^)'ftdge 
TU'viem), 1912, No. 17, 158-180|l to whose tnicmoir the r(%der is^ referred for further 

detail^. ' c , . 

w It is a fundamental law that when a niimbor of bodies are found to agree exactly in a 
li|iw of their iproperties, further cxamciiation show’s them b)’ agree exactly in all their 
properties ; such bodies are said to be specimens (»f one and the same substaniee, Th« 
“substance” is therefore a conception derived by abstracting the jiropevties common to all 
it-** by ^ivperties or specific propertied is here undor.stood those, augh aa colour, 

hardneas, spefcifiJt gravity, etc., which ‘are tm* same in all parts ot the bodiw, excluding th® 
Qitfih^tes of ma.ss,Csbape, which differentiate the different specimens and the coi^xtiwU 
of pressftre, tenveratf^’’o, etc.*, which may be altered at will. ' 

® Of Ostwald, The Principles of Inorganic Chemistry, trans. by Findlay, Srd editi^ 
(MaomUlan it Ob., 1908). 
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Ji»ppeaf mkJ* reradii io the *€011(1 %tate. Thus, salt ^nd wa))? be 

thought together in Any propo^tjons comprised, between certain llmits/^tfith 
the production of a homogeneous liquj[i.*|^Moreover, ooptinuou8»varij,tioB9 'irt 
the relative amounts of salt and water are associated with continuous chants 
in the. physical properties of the resulting liquid. In this instance,* we" 
inferior limit to the amount of salt is zero ^ the superior limit is found to^ 
vary both with temperature add pressure. 

, Although the constituents of the solution, salt and water, canpot be 
lilechanically detached, as in the case of a heterogeneous mass, the separation 
can lievertfieless be ej][ected by physical moans, namely, by causing one of 
them to nndeVgo a change of state. For instance, by supplyisug hCat to the 
solution the watei; may be converted into vapour and thereby separated frdba 
the salt, which remaifis «n the solid state. Or, by cooling the solution, water 
.may be continuously removed as ice, until, in this instance, after the remaining 
solution has reached a certain concentration, further coeding results in the 
production of a heterogeneous solid mass of ic# and salt. 

A solution, tlieii, may he defined as a homogeneon» ma»s^ the com^diion 
''•^hich may undergo continuous variation (Jietween the limits of its existence), 
andwifiich may he separated into two (or more) homogeneous substances hy 
processes involving change of state, Tliis definition docs not restrict solutions 
to*any particular state of matter. Accordingly tiiere may be gaseous, liquid, 
and solid solutions; and a substance is classed as a solution when, by 
processes involving change of state, it can bo separated into a number of 
other substances A, 11, C, . . ., and forms one member of a series of substances 
the compositions of which range over all the possible proportions of A, B, 0, 

. . . comprised between certain limits. 

Solutions are usually classed as inixlmros, being refvred to as “ homo- 
geneous mixtures ” in order to distinguish them froyi the class of mixtures 
previously mentioned ; occasionally, however, they ar^escrijied as compounds 
of variable composition.^ * # • . 

Tlie«ubject of solution is dealt with irta later chalkier (see Clj|ip. III.). 

Elements. — Various substances have been already m»^ntioned^ that do 
not fall under the* heading of solutions, e.g. mercury* sulphur,* oxygeik, 
%iercuric oxide, me^'curic fmlphide, sulphur dipxida, and *rbey 

are therefore “substances” in the narrovvest sense of the wor^. what 

has been already said concerning these substances, it will bo recognisad that 
mercury, sulphur, and oxygon are in a way simpler substances than merouric 
sulphide, mercuric oxide, a^id sulphur dioxide, for each the last thrqf 
substances is built up from two of the preceding. In fact, flierci^y, oxygen, 
and sulphur are representatives of the simplest class of substances namely, 
thoige which •have never yet been separated •into dissimilar parts, by Any 
pnw^sses whatsoever. Such substances are called elements ; am element is a 
distinct species oj^ matter th^t has yet been diown to cornposite. All othei 

substances are composed of Iwo or more elements. • * ' 

The term “elemeiy;” was originally used in its modern significance ^ 
jBpyle j;i 627-91), and was clearly definetl by Lavoisier in hA Tra^ite (A 
chimk {1789). Centuries before the time of Boyle the word was in use; bnl 
the ancients and the alchemists fcgajded the “element^^ imt «s materig 
substances, bftt rather as the fundamental qualities of diffbrent sflbstaiKies. ^ 

About eighty elements are known at the ^res%nt d^ ; ^ list of their 

' ^ , 

^ Cf, Kahlenberg, Outlines of Chemistry (Macinjllan & Co., 1909). 
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turtfl§$, ^il! ^ 

.fti^QrSj krypton, x«rion^ nitoB, I^yi^rogen, oxyg^, mtiro|feB, 
i^ at BomnipB tempcrftti^*e$/ "bromine meronry^are Bqtlidfl J 

romainin^ elements are soUds in ordinary circumstances. Oiuy a ^ 
„ o^ut in feature in the free state. Some elements are much more abiifedant 
fjiafe others ; the follewing table, gives, according to F. W. Clarke, the average 
CompO^tion of terrestrial material (including tlfe earth’s crust, the oceans and 
the atmosphere) :— 


^lementi 

Per cent. 


Per cent. 

1 Eloment. . 

Ml .... 

Par cent. 

Oxygen . 
•SUioon 

49-8 

Potassium . 

2‘28 

Pai|um 

0*09 

28*1 

Hydrogen . 

0-95 

Manganese 

0*07 

Afumimum 

7 '34 

Titanium . 

0*37 

Strontium , 

0*03 

Iron . 

4‘11 

Chlorine . ' 

0-21 

Nitrogen . 

0*02 : 

Calcium . 

319 

Garbdii 

0-19 

Fluorine . 

0*02 

Sodium 

2-33 

Phosplioriis 

on 

Remaining ele- 


MagUcaidm 

2*24 

Sulphur . 

OTl 

ments . 

•• 

t. 


. A distinction should be drawn between the terms “element” %h(i 
“ elemeptary substance?’ the elements being the different species oi 
matter of which elementary substances are made? Thus, oxygen anc 
mercury in the free state are elementary substances, while mercuric oxidt 
:(yid$ ^wpra, p. 4) contains the two elements mercury and oxygen. Thi{ 
distinction of terms is not always maintained, and very little ambiguity is 
thereby occasioned ; but it is often conveniont, for an element may exist ir 
the free state in mCre than one form. There are, for instance, two elomentarj 
substances corresponding to the one element oxygen. This phenomenon h 
teme,d allotropy; if is exhibited by numerous elements, and will be 
^scussed later (p. 64). • ' ' 

The eleii:rnt8 ma/be divided into two classes, metals and noil-5netalS. 
The.divi^on is .merely one of convenience, and is impon^oct, for no hard and 
f^t line, of demarcation between the two classes can b;p drawn. The 

the.^gaseou^ elenjcntsand bromine, sulphur, selenium, tellurium. 
jAospbonis, arsenic, carbon, silicon, boron, and iodine ; the 7netals comprifiK 
th6 refeiamiug elements. The names of the metals and non-metals discovered 
4hrln^ the lost hundred yearn usually end in -ium and -on respectively ; the 
Sanies \’8eleniu)[^'^’ and “tellurium” do not conrorm to this rule, since the^ 
fUfestauceSg'v^e originally classed among the metals. 

. Gold, silver, iron, copper, tin, find lead were known to the ancients 
feieroury was also known in ^ery early times. The metals iis a class* are 
distinguished by certain physical properties. They are opaque in 
possess a oharaoteristK.- lustre, and are (nt5re Qr^ !ess) malle.ible and duOtile 
^tbey>*^kre goodT conductors of heat and electricity. The formation ote-Ilc^* 
&0uld,«dso J)0 mentioned (see pp^JlO, 116). Each of the metals, howey^j 
dcjeS 'uqt exhibit all of these properties in a high degree ; for oxampfe, sjmft 
b^mufii, 4nd antimony are brittle, and h^ce were regarded thfOUgbout.,j^b< 
Kijidie Age*^ ar, semi-metals. Moreover, some of these properties are;pos^p<0<j 
bjjtojsrtftife noi^rmetalsj iodine and tellurium are lustrous, whilst silipo|t 
|^^it8.and;<fct boron readily conduct electricity. Form^ly^?al: 

ThiaidlJ^iB^tioa was clearly indicated by Mendel^eff {AnnaJm Suppl.^ 1873, 
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I 

BiM^9*\^r8vcs^8id®r0^ 4i# p(W8eM hij^ <len§itieSy 

#|i|^ MdW soSimm kn(L potassium and demon^lHt^ l^^r piie^ra 
/ metallic, nature of ijgeirqliry ^as admitted ili 1759» 
wii^fifit frossen. ' i 

^ 0 . non-metals differ widely in their physical properties^ ttumOW 01 
iliem-are gases; the solid non-rnetals are byttle, possess lo^ densities, ^4 
wiially have no lustre and yefy little power of conducting heat or electiioity. 

. The metals and non-metals are distinguished not only by their physical) 
but.alsw by their chemical properties. A discussion of the latter,, no wev^j 
must be paetponed tilljater (see Chap. VI.). ^ 

. The difficulty of drawing a dividing line between metals an<> noO-nj_etals Js 
ilearly shown by. the existence of an alternative motlioij of classifying tne 
slements, which divides them into three groups, namely, non-metdi^ mM&idt] 
bd metah. A metalloid is an element which, although it resembles a matal 
in most characteristics, yet lacks some one or more of the features whicli 
typical metals generally present. Usually, tiie metalloids possess the form 
or appearance of metals, hut aro more closely allied to the non-metals^ in theii 
Chemical behaviour. The following elements are included in the metalloids : ^ 
hydrt&gen, tellurium, germanium, tin, titanium, zirconiiim, arsenic, antimony 
bismuth, vanadium, columhium, tantalum, molybdenum, tungsten, anc 
uranium, ffhe name ‘'metalloid” was introduced by Erman and Simhn ji 
1808 ? to describe an element that resembled a true metal. In 1811, however 
Berzelius employed the term as synonymous with “ non-metal, and at th,( 
present time it is still used by some chemists in that sense. It is perhap 
best, therefore, to avoid the use of the word “ metalloid ” altogether* 

Although to the chemist the elements are the ultimate forms of matter 
from which other substances are built up, •it does not follol>’ that they do po 
possess a complex structure. Irfrcccnt years elemoi;ts have been discovere( 
whioh spontaneously break up into other elements.” Vneso <;hange8, howeve^ 
which proceed at definite rates in ac?>ordance wi;h a simple law, would; 
soem to*be beyond the power of the chtfnist to contB^l. \ 

Compounds: Law of Fixed Ratios: Law of Multiple Proj ' 
portions- — Two of the three groups into which substances may be (livjded 
naVe now boon dealtVith— %iamely, solutions and elohia-nl'ary 8ijh8^ces,-~^d , 
the thirdT group, exemplified by mercuric oxide, mercurio**siil^liide, Shlphiuf. 
dioxide, salt, and water, now calls for attention. Substances of this group^do 
not possess the properties of solutions, hut iicverthelc.ss they are composite^ 
iiX the sense that each contains at least two elements, ^hey are 
chemical compounds, or simply compounds. Each' of jhe abotpt 
'mentioned compounds contains two clcinents only. ■ '/! •-* 

Tho elements, present in a compound aro sistid to he in a state of 

and the chemical composition of the compound is a stamni^tj 
•U$haUy expressed in ffcrcei:toges, .of the rcl^sftive projsortions in whioh j'^ 
^omouts occur. It may he otated at once that, as would he expected^ pwiW 
.-^hich possess identical^ physical properties jire also found to possess ide^Cm 
compositions;* the converse, however, is not true. '■ 

Turning now" to a consideration of the compositions of binary oompdpn^' 

^ - z ' J 

, ;'a U'BwTilden, to Chemical Philosophy (Longmans & Co.), 

it . VEnUati and Simon, Gilbert's Anmlen, 1808, 347. o *•, » 

2 u in. (Radium) ; Vol. V. (Thorium) ; Vol.VlT (Uramun^- 

reseftTches indicate ♦that there may be exceptions to mi*/ F- 
CMmistry of iM Radio-eUmnU (Longmans k CoJ, 2 parte, 1911-14. ' 
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i.e. oompounSs contftinmg <)nly two i^lecAnts, the qhtotibh n^tflrally’&rises ad 
to the, number of , compounds that two elements are capable of ^rmfU^. 
t(ie ans'^er ttiat experiment fumi|pe^is very single. Two denunU unitel^ 
with fine (mother in a limited number of definite ratios^ Separated by finite 
irUer'^s} T^ia may be called the Law of Fixed Ratios. Aa a rule, the 
jiumber of ratios is quite small, varying in different cases from one to five or 
six ; but the combining ratios of carbon and liydrogcn are very numerous. 
To tak^ an example, carT/on and oxygen unite to form three gaseous compounds, 
known as carbon suboxide, monoxide, and dioxide, in which the carbon and 
oxjgen are in the ratios of 1 to p-8889, 1 to 1-33.3 and J to 2*667 respectively.* 
Any gaseous body that contains carbon and oxygen only, but not in one of 
tlffe three ratios jij^t quoted, proves to be a mixture ; and even if its com- 
position is represented by either of the last two ratios^ the possibility of its 
beyig a mixture (of some or all of the oxides and oxygen) is not excluded. 

The Law of Fixed Ratios became definitely established as a result of the 
classical controversy between Proust and Berthollet® which lasted from 1802 
to 1808; and subsequent work has served to demonstrate the exactness of 
the law. Although the work of Proust was sufficient to satisfy^ his iJOPf- 
temporarics as to the correctness of the law, his analytical results w'eiw not 
particularly accurate, and partly, perhaps, for this reason, he failed to observe 
a remarkable connection that exists between the various ratios iai which fwo 
eleiUents are found to unite. The combining ratios already given for carbon 
and oxygen will serve to illustrate the nature of this connection. It will’ be 
potiood that 

0*8889 : 1*333 : 2 667 : : 2 : 3 : 6, 

i[e, the weights of^oxygen that separately unite witli unit weight of carbon, 
aro in the ratios of small whole numbers. /Phis is only one illustration of an 
experimental generalisfVon known as the Law of Multiple Proportions, 
which may be stftod in the following manner: — 

When two elemenf^nnite in mor£. than one ratioy the several weighU of one 
element ihafiomhine with a fixed weight of the other element are in me ratios 
simple integer}. \ * ^ 

The •name of Dalton^is usually associated wi^i thisdaw. Its history ig 
very ipter^king, 5r>r it is almo*st certain that Dalton first of all deduced the 
law a^ a necessary oorisoquence of his Atomic Theory, and afterwards found 
‘ in. the compositions of olefiant gas and marsh gas on the one hand, and carbon 
Ipopoxide and dj^xide on tho otlier, experimental confirmation of his views. , 
The early analyses, tho results of which constituted the experimental 
basis of the Law of Multiple Proportions, were naturally somewhat crude and 
* inaccurate ; the perfection of ^analytical methods, effected sineg the law was 
enunciated, has enabled chemists to submit the law to'^a more rigdrous 
examination, and thereby to demonstrate its exactness. One example will 
suffice. Giiy^and Bogdan {yidi infra., p.^79), ij* their grafimetric analyses 
gf nitrous oxide, obtained tho result — ^ 

nitrogen : oxygen :: 1*76100 : 1; 

’• \iSce HaAog^ ATaTwre, 1894, 50 , 14Q. ^ a •* u u 

’ , * Carbon liitoxide cannot be Formeil from its elements. A fourtm oxide of carbon 

ia known, but is sfflid,at orgi^^ary temperatures (H, Meyer and Steiner, Ber., 1913, 46 , 813 j 
J^ard.'TVotf, Sec., 1913, 106). . „ « a 

> , Mias’Freundj I'he Study ef Ciwmical Composition (Cambridgo XJuiversity Proas), 1908>, 
V. ; see also Hartog, Nature, 1894, 50 , 149, 
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^hf att^l^s^f*iitrio.oxi(|e effected by Gray ^ lod to the result— 
nitrogen : oxygen ;: 0*87963 : 1; ^ 

ftnd lastly, Guye and Dr^iiginine {viSe wfm, p. 264) obtained the following 
result for the composition of nitrogen peroxide — * 

' nitrogen j oxygen :: 0-13782 : 1 

Now, 

1*76100 ; 0-87563 : 0*43782 :: 3-9994 : 2 ; I’OOOO, 
and the thi^e last numbers are in the ratios 


4:2:1 

within the limits o*f e:|[)Ci’iiiiental error. 

Law of Equivalent Ratios: Combining Weights.— Continuing 
the inquiry further, another problem presents itself. Is there any connection^ 
between (i.) the ratios in which two elements qpeur in compounds which also 
contain other elements, and (ii.) the ratios in ^\ hich the same two elements 
cambine to form binary compounds '1 Hero, again, a very simple re]|ttionship 
has logeft Observed. Tlie ratios (i.) and (ii.) are all related to one another in 
a simple numerical fashioji. One or two instances may bo quoted. The 
compound n^trosyl chloride contains nitrogen, oxygen, and chlorine, and the 
ratio of the nitrogen to the oxygen has been found by Cuye and Fluas 
(see p. 254) to bo 0*8754 to 1. This is practically identical with the 
ratio already given for nitrogen to oxygen in nitric oxide. The ratios 
of lead to sulphur in lead sulphide and lead sulphate were shown ^ by 
Berzelius in 1812 to bo equal. Later, Stas showed that the ratios of silver 
to iodine in silver iodide and silver iodat% were exactly efual, and obtained 
similar results for silver broraide-«silver broinate aiic^ silver chloride — silver 
chlorate. 

•The Law of Multiple Proportions onl}^cons4itute8.^however, part of a far 
more coijiprehensivo law, dealing with tlr^ cornpositic^s of all gompoiinds. 
This law may now be considered, binary compounds being the first to^ receive 
uotice. • ‘ • 

• Both chlorine and bromine unite with almost* a]l «the othe^olfemeht®, 
forming sTrbstances the compositions of which have in many ca^esbeen very 
accurately determined. The following results are typical : — ■ .> 

(i.) One part of silver combines with 0-328668 of chlorine® or with; , 
0*740785 of brompe;** and 0-328668 : 0-74078'fc>:: 7 : 

(ii.) One par(. of potassium comlMiies with 0'906908 of chlorine* or with 
2*04408 of bromine;*^ and 0*906908 : 2*04408 :: 1 
(iii.) One part of mercury unites wtth O, 353491 of chlorine'^ or with 
0*7966‘'10 of bromine;® and 0-353491 : 0 796610 w 1 \ 

“ ~ » ~ i: ss ' 

^ Gray, Trans. Chcun. Soc., By, 1001 . 

® Berzelius, vide infra ; cf. Ostwald’.s Klasst'kcr, No 35. , , 

liichards and Wells, (Sdrncgie Insiilutum Pteilkalions, Washington, 1^06, No- 28; 
Amer^^Chm,. Soc., 1905, 27 , 459. . 

* Baxter, J, Amer. CJiem. Soc., 1906, 28 , 1322. , a 

* Richards and Stabler, Carnegie Institution Publications, Washington, lft07, Noi„69g 

CAeT/i. I^oc., 1907, 29 , 023. w w * * « 

^Richards and Mueller, Carnegie Institution \\ashingtMi, 1907, No, 69; 

Chem. Soe., 1907, 29 , 639. 

^ Uaaley, «/. Amer. Chem. Soc^, 1910, 32 , 1117. 
f Easley and Brann, J. Amer. Chem. Soc.^ 1912, 34 , lot. 
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Jori^'sfev^ral thwridjss and bjromid|5, the- compbsitioim-.of which ^fot^ 
j^w bf Multiple Praportions, if may ther^ote he stafied tbatw.'tiihf 
of • chloriim and bromine that unite with a fixed quantity pf oUii 
^ele^eUt: are either ip the same ratio as are the quantities of those two 
elements that unite with a fixeS quantity of «ny other element, or else tbe 
. ratios ^re simply related. . 

‘ The preceding generalisation is found to hold not only for chlojjne and 
brqmin.6, hut for any two elements whatsoever. The general statement of 
the law, known as the Law of Equivalent RatioV may btf expressed in 
\tffe following manner : — ^ ' 

‘ . ' The ratioe of ihe masme of two elemenU that c^^iiic with otic and ike 
i<tpe mdwi of a third element hear a simple numerical relationship to the ratios, 
^of the masses of the two elements that combine either with one and the same 
mass of any other element or wi^i one another. ' 

For example, in nitrogen peroxide one part of nitrogen is combined with 
2*28404,of oxygen, 2 whilst in nitrogen sulphide one part of nitrogen is com- 
bined with 2*28901 of sulphur.® But, 

2*28404 : 2*28901 :: I : 1*0022, 

and according to the law, there should bo a simple numerical* relationship 
betwe^ this ratio and the ratios in which oxygen and sulphur combine 
together. Now, in sulphur dioxide the ratio of oxygon to sulphur is 1 to 
1*0020,^- which is practically equal to the preceding ratio. 

Thu law may be expressed more concisely by introducing the notion ,of 
combining weights or chemical ^equivalents. The combining weight Or 
chemical equivalent of an element is the ^Lumber of parts by iveight of the 
element ' that combine ^nth 8 parts by weight of oxygen} In view of the 
existence of th^ Law yf Multiple ^Proportions, it is clear that an element 
may have, a numhej^of comhiniqg weights, which will be in the ratios of 
simple inte^rs. The Law of Equivalent Ratios may now ho stated in the 
iollowiil^ manner^ and called the Law of Combining •Weights : — 

" Moments comhim wit^ one another in the ration of single multiples of thejjf 
mi!^i^in^ei(fhts. * * 

. Ip discussing this law, binary compounds alone have been so far considered, 
but iV will ho clear from what has been already stated af the beginning of 
bh|» section (p^l) that this restriction majr be removed, and that ih^ 
c(mpmition^ of mil compounds conform to the Law of Combining Weights. 

The dioermination of combining weights is a matter of fimdameutel 
impottance. According to the preceding law, the c6mbining weight ot afl 
element may be determined either directly with rcfereiAe to oxygen, Ui 
iudi^otly with reference to another element of ki^wn combining vfefght 
Jhe^ tetter ipethod m employfd more (fi^ten tAn the fofmer, and thus i1 

1' I'The data fot the chlorides and tromides of sodium, caKjjum, silicon, titani^ipj, etc 
t'ClSrk^' infra f p. 13), lead to the same value for the ratio. 

' *.Ouye and Drouginine, vide infra, p. 13. 

I ** Burtamd BshlL -Pw. Roy. Soc., 1911. A, ^5, 82. . • 

* pi^u<!|ed nom the ratios oxygod : tefturiuni dioxide ; : 0*200485 a 1 (Cl-uthi^, An 
1906, 342j^268), ai^ tellurium dioxide : sulphur dioxide : : 1 : 0*401$8(te^p|a( 
BjMmptt, Tram Oh^. Soo.f 19(X, 91, 1849), , “ 

8‘ is chosen for oxygen as being one«half its atomic WeighV^^tetiy 
'fitewrily fixedas ityVa, p. 281). ’ ^ 
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\W|^litipV w\t]k^ others. These '^^fuuda^eBtaP’ cOmbioihg^^w^ghta 

broraifie, iodine, ^ydlogen, nitrogen, . clsrbon, 'sbiJpWK^ 
^^ 0 <Hti^"and potassium, / / . ' . 

V, ;^fa;e preeantions necessary in the accurate measurement ^of combining ’; 
weiglits are fully dealt with •later, in Chajf. VII. For the calculatidrr pt^ 
combining weights from all the most reliable data, the student is i^etre^'' 
elsewheM.^ A few simple calculations, w'hich will serve to iUUst'rate 
, Law' of Cbi^bining Weights, may not, however, be out of place. V 

Since 1'0G76 parts uf hydrogen combine ^ith 8 of oxygen to fonn water*^ 

,, the Combining weight of hydrogen is 1'0076. One part of hydrogen unites 
with 36-1935 of chlorjpe^s Now, 1 : 35-1935 ; : 1-0076 : 35*161, andhencAtho,, 
combining weight of chlorine is S5‘j^61. Since, further, 0*328668 pf 
V chlorine combine with 1 of silver, and 0-328668: 1 : :35-461 ; 107*893, , ?he 
. combining weight of eilver is 107‘S9^. ’ ¥ 

According to Baxter,^ one part of iodine combines with 0-849906 of silver, 
aij-d as 0*849906 : 1 : ; 107-893 : 126-947, the combining weight of iodine ik 
126‘'P^T. ® In an oxide of iodine, however, Baxter and Tilley found tbSi't th^ 
"oxygon and iodine were in the ratio of 8 to 25*3827 hence another combin-o 
Tngtweight cd iodine is 25'S8'27. Now, 25*3827 -. 1^6'947 : : 7 : 5 0013^ so that 
the twb combining weights of iodine are in the ratio of one to five within the 
limits of experimental error. , ' \ 

From tho rajiio, quoted on p. 11, of potassium to chlorine in potas- 
sium chloride, the combining weight of potassium is S9'101^ if that pjf. 
ohlprine is 35-461. The sum is therefore 74-562. Now, potassium chloral 
differs from potassium chloride in containing oxygei^ and is readily 
converted into potassium chloride by loss of oxygen. In this change, 
1*64382 parts of potassium chlorate yield 1 of pol^sium chloride;^ but 
1 : 0*64382 :: 74*562 : 48 004, and the losst number is practically equal to 
48, or sjx times tho combining weight gf oxygen. Hence, in potassi^ 
chlovaIe> for each combining weight of potassium thm-e is chlorine 

and six of oxygen, • J', • 

# Some idea may* be gigen of the concordance ^hat; has been abteyLaecf. 
between tfec various values, arrived at by diflerelit methods, |oi*th&tbmJ;)inilDig“ 
weights of certain elements. Tlie preceding proportion is Equivalent tOj 
i 0*64382 74*555 : 48, which indicates that the sum of the oomSinitijft 
t»:eigbts of chlorine and potassium is 74*552. The ratios ^Jroady givejp'-fb^^ 
potassium to chlorine, silver chlorine, and silver to iodine ihen leadtb^^O 
values S9’097, 8S‘4S8, 107’884y and t'26-936 for the combining^eIgl)^;,bf 
pQ^awium, clijorine, sliver, and iodine, which^only differ by 0*004, 0*00^' 
0*0^, and 0*011*Prom the values already deduced in another way. ; 

■■ Tne tiaw of Combining Weights is thus seen to be exact : that is to say^:)aO^ 
dovia.ti^JDS observed grealjer thaft those foi»whieh eJferimenUl 0rr0t|]^^^ 


^ ClStuke, A, Recalculation of the Atomic Weights, Smithsonian Collections, WwHiypfcMt 
a (1910). . ■ 

Smithsonian Cmirihitims, ft96, 29, No. 980. 


Trans., 1909, A, 20g, 1. 

p. 11. 

JijAmer, Chem. Soc., 1910, ^, 1691. 


Tilley, J. Amer.Chem. S(f9., 1909, 31, 201 ; Ba^xieiTfiiete evipra' , 
Meyer, Zeitsch, Inorg. Chem., 1911, 71 , 378. 
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H responsiWe, Its eiiormoi« impomace m be, afc ouo6'ob^)itMA;ltke 
of cfeemioel cpQ^sition would be.ufimwiag^le but fo^ tbialaw, '^X ‘ 

♦ ^ Since ^hemioal reaotit)n is ene in Vhich a Uuinber of \8ubstance8, ' 
elementarj^ or compound, diaappeir, being replaced by a number of others? 
it is ‘ not difficult to see that the following law must hold for chemical 
reaoiuons : th(^ masses of substances^ elementary or compound, that are equiva- 
lent in amy otic reac^on, i.e. ivhk:h unite with interact with the sarne arriov/nt 
of a ihii'd mhstamce, are identical with or bear a simple numerical relation to 
the mhsses equivalent in any other recuition, including that of combination with 
each other. $ 

It was ft'om the results of experiments on the intefactions of efements and 
compounds that the Law of Equivalent Ratios was deduced by Richter at the 
end of the eighteenth century.^ Richter allowed, cprrSctly explained the 
fact,, that when two neutral salts interact, the resulting salts are still neutral ; 
anil, also deduced, from the fact (previously observed by Borgmann) that when 
one metal is precipitated fron^a solution of a neutral salt by another metal 
the resulting solution is likewise neutral, that the masses of two metals which 
neutralise the same mass of an acid also combine with equal masses pf 
oxygen. Further, Richter showed that the quantities of various bases ^asio 
oxides) which neutralise a fixed quantity of one acid are in the same 
ratios as the quantities o| the bases which neutralise a fixed quantity of 
another acid. • 


Richter’s experimental results were only rough approximations to the 
truth f the first experiments having any pretensions to accuracy which served 
to demonstrate the truth of the Law of Equivalent Ratios were made by 
Berzelius in 1811-12,2 some years after Dalton had promulgated his Atomic 
Theory.® The dq^ree of accuracjjf of the law was subsequently made the 
subject of a special investigation by St|i8,^ and from the results of his 
extremely careful accurate experiments he concluded that the law 
is exact. 

The^-Law of Coifibining; yolumes, — The laws previously ^iscussed 
deal with thcs^^gularities that are noticed among the masses or weights of- 
|iubstan%es conOTr/ied in chemical changes. The law •which expresses the 
volume, relationships observed in chemical reajjtions involving gases w^ 
di8co'\5pre^Kby*G|ip,y-Lds8ao. ‘In 1805 Gay-Lnssac and HumboldV® noticed 
that when hydrogen and oxygen unite to form water, the respective volumes 
of these gases that enter into combination are in the ratio of two to one ® when 


poured at thj^same temperature and pressure. The simplicity of this 
relationship led Gay-Lussac to the study of o!her gaseous reactions, and in 
180^ he #.mnciated the Law of Combining Volumes, which may bb 
stated in the following manner : Whe7iever gases unite, they do sq in proportions 
by vblume ( at the same temperature and pressure ) which cart be represents^ by 

Rteht®*"! ^fuTujsgr^nde der i^ochioTnetriX Ueber die*neueren Oeg&Hstdnde 

^'thmie, 17 ^- 1807 . ■ ’ ■ . 

2 Berzeli^ Gilbert’s Annalen, ISl^, 37 , 249, 415 ; 38 , 181, 227 ; 1812, 46 , 182, .286 j 
27d. See Ostwald’s No. 85. , , * 

Cf. Miss Ida Freund, opus cit., chap. vii. ; 1 

L Stas, { 1 ) “ Re^erches sur Its rapports r^ijtoques des poids atomiqttes,.” Bult Aikido 
mu, Bug., ^ 6 #^ fii.], 10 , 208; (Eutres cdtapUtes, Brussels, 1894, i. 308g-418 ; (2) “ NoU* 
Velles vecherclies ^jir les lois des proportions chiraiqiies sur les poids atoniiques etleurs rapports 
mutuels/! Acad. 1865, 35 , 3 ; (Euvres complUes, 18P4, i. 419-742, 

CUyyLussao and TIumboldt, Journal^ physique, Paris, 1806, 60 , 129. ' , , / 

' • Ilufl had been previously dflscoveied by Cavendish hf 1781, and published ip 3(7,84^/,^ 



’ cipMic,^ 's&ENCB'* 1'^.! : 

)heVati(ii^:ifiiKn§tt hUgm ; , «3tw<? thii f^dtionsh^ also eattenMi to* the volmii^ 
}f kfif^^ai^ous svi>ttaw^8%'0(iiiced. ' ^ 

Amoog^ the e;xamples^ given' bj Gav-Lfisaac i I’erc the following 
One volume of ammonlfi unites witlr on? volume of muriatic acid (hydrogen 
jhloride), and with either one volume or half a volume of carbonic acid (oalbon ^ 
lioxide) and fluoborio acid (boron tridiioride) ; nitrous^ oxiddj nitrous gas, 
ind nitric acid {i.e. nitrous onidc, nitric oxiclff, and nitrogen peroxide, to giVe* 
them their modern names) contain their constituents in the proportjpns of 
one volume of nitrogen to half a volume, one and two volumes of oxygen 
respecti^l^ ; two volumes of ammonia yield on. decomposition three of 
hydrogen andmne of nftrogen ; two volumes o^ carbonic acid result when two 
of carbonic oxide (carbon monoxide) unite with one of oxygon ; and t\^ 
volumes of steam Sre* jpri^uced by the combination of two* of hydrogen with 
one of oxygen, ^ 

Unlike the preceding laws, the Law of Combining Volumes is not exact, 
but only ap|n-oximately correct For oxampl^, accurate experiments ^ have 
shown that, at normal temperature and pressure, the ratio of the combining 
volumes of hydrogen and oxygen is 2 00260:1. Furtlier, one volume of 
nitrdtis oaide yields 1 -007 17 volumes of nitrogen (see p. 254). Those results 
are readily understood when the approximate character of the gas laws (see 
Clu||). II.) is taken into consideration. It is prob;|^)le that under exceedingly 
small pressufes the Law of Combining Volumes is an exact expression of th© 
nature of gaseous reactions (see Chap. IV.). 

THE ATOMIC THEORY. 

Introduction. — The laws of quantita %0 composition jyeviously outlined 
. find a ready explanation in tlie Atomic, Theory. 

The idea that all matter is composed of minutejjyidivisible particles or 
atoms is very ancient. The Creek phf*osupJiers lield thil view, Thus,, 
Democritus (born 460 u.c.) referred the i||iirerences^ Ix^'^weon sul^tances to 
variationif in tiie si/ve, shape, position, and motion of the atorls^onstituting 
them; while Lncretioii, at the end of the first century of the ChristTun era,j 
expressed views whic^ souik^ very familiar to those puri'Amt to-day. A solid 
he regard jid as atoms sipieezed closely togethel* ; a liquid ^fis* similar atoms 
less closely packed ; and a gas consisted of but few atoms witli much freedom 
of motion. These atoms wore iiu perishable, and always in motion ; and on 
the manner in which they combined depended the properties the substanbe^ 
formed. * • , 

■ ^ Coming down to later times, an atomic theory of matter was'^ry muoh 
in' vogue in the seventeenth century, and for ^various phenomena explana- 
tions based on Eho»thcory were largely sought by Jiacon,^ Boyle,* Hooke, and 
ibth^f^ Newton went ap far as to show, on the assui^ition of the atomlO 
^ opmposition of master, that ifjyl’e’s Itw for gasfs must necessarily follow. ^ 

* . -The development of quantitative ideas concerning the combination' pi 

. ^ ^ .5 % 

Dfty tiUSsao, de la SocUt6 d*Arcueil, 1809, 2 , 207; Alevihie Club' IteptinU 
(Clay, 1898), No. 4. f ^ 

Smit^onian Contributions, 1896,^, Nb. 980; cf. Scott, PhU^ !lbf^n$,, lidZ, 

' 7 '^aobD,. Novum Organum, 1620. 

V^^-dJoyle, TAtf Sceptical Chemist {1661), The Usefulness of Natvrdl rkilQSophyi).W\ 
Exveriinental K%wledge{\^l\), * ’ > 



***?!)' b^n <ul{{il tbecl^''6f t^e^fyiteenuicwitiifr ^heif 

MU, &yL mm- 

^ n»ptew,#\ri!l»ffi Higgml (1769*1825), bndeavonredto-ai'Hv^^^fr a jS' 
the number of atoms orMtfcate partiolls which unlt^ chemiSllw 
TO ultimate particle of some new compound. Influenced bt 

t^^prlnoiple whicl^ Newton had laid down that the particles of any one 
^J?e mutually repellent, libth these workers arrived at the view that 
Ch^mmal combination would most readily occur between a single ultimato . 
Article of one substance and a single ultimate particle of a second substance,. 
Thus a smgle particle df#n acid united in all cases with one alkalju^ particle 
^ was un^le to take up 1 second, because th# first allmfine particle 
Impelled the second and prevented combination. William Higgins however 
recognised combination in multiple proportions, though Mio held’ that the 
union of a single particle of each resulted in the formation of the compound 
of greatest stability. ^ 

' ‘rhesG views are almost pjreciseljr similar to those at which John Dalton 
jr^Ved some years later. The exact origin of Dalton’s Atomic Theory has 
been contested throughout the nineteenth century, but a survey of the 
evidence renders it almost certain that Dalton had already fonnuiatSd an 
a^mio theory from the experiments made by liim, prior to 1803, on the 
( physical pi operties of gas^, and that the application of this atomic theory 
chemical combination was first made when he found, in 1 803,* that oxygen 
'/could be taken up in two different proportions by nitric oxide. Thus the 
atomic theory priiceded the discovery of tho Law of Multiple Proportions, and 
TOceived considerable support from the facts upon which that law was based.^ 
'According to the Daltonian theory, an elementary body is regarded as ' 
.being made up of^an enormous mvnber of extremely minute particles, oalled 
; atoms, alike in kind, and particularly in n^ss, but differing in each of these 
rwpects from the at^.s of any other element. In the connected account 
twhich Dalton gave ip 1808 2 ofvhis atomic theory, he pointed out how 
■ ipiportantLan objeetjt was to be %ble to arrive at a knowledge of the relative 
.Weights of Ti*i^so ultimate particles capable of chemical union, for, having 
iObtameu a list of^uch relative weights, it acted as a guide in investigating' 

' tbe cmiDosition of new substances discovered. X^iis application of the theq^ 
i hftd, <in fact, tilueady enableH him to draw up a tabic of atomifi.*w eights as 
as 1803.3 ^ 

/./" Dalton’s Atomic Weight System.* -The method by which Daltoir 
i^p^eeded to d^nniue atomic weights may now be stated. > . '! 

* .The. atom was the smallest ultimate partiefe obtainable of any elementary' 
;.#dbstanc^ ’ The atomic \Yeights were the relative weights of these ultimate' 
^tio^es or atoms of the elcipents.** ' • 

Since tho atomic weights are but relative weights, st^me* one subi^hCe/ 
^must-be selected aj^the standard of comparison, ^alton chose hydillg^^ 
an (| called it| atomic weigh t ulity. Th^ atomie'weight of 'any other'^elenietij^', 

* For ^ deUiled account of the development of Dalton’* Atoniio Theory, sde B 


/ ' For a deUiled account of the development of Dalton’* Atoniio Theory, sde 
1854 ; Roscoe and Harden, A New V'iew of the 
' Atomic T^ory {Macmillan k Co.), 1896 ; the papere by A. K Meldrum on “ Tm J)eVdJop«'- 
of tli< Atomft Theory” {Mem. Manchestei*'LU. Phil. Soc., 1910, 54 , Ko,'7 
^ 22; reprinted fti Chhi. News, 1910 and 1911) ; ^Iso AvbgaSif & 


by A. Meldiivn (Clay), 1904 ; John Dalton, by J. P. MilHngto: 
Dalton, af NeH^^ysteA of ihemkal Philosophy, 2 vols,, 1807-10, 


n{DontJ,190^^ 

TT -t ntwevpny, c ¥ 018 ., 10U/-1U, ' ^ ' ‘ 

^Iton, Manchester LU. Phil, Hoc., 1805, i, 271, appendix to paper,-^ 

' System orChemkal Philosophy, ” lA di. ^ 
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was tljertfoFo #ie ratio o| the weightgof its atom to the weight or an atom of 
hydrogen. Its value was arrivofj at by tlie analpis of a compound containing 
the element and either hj^drogen* itselj[ dL some clement whose Atomic weighf 
•had already been fixed by comparison with hydrogen. , 

Ono most important point had first to be settled. Dalton knew, as 
expressed in the Law of Multiple Proportions, that ^wo* elements might 
combine in more than one pitiportion. According to Dalton, tiie following 
scheme of chemical combination was possible : — ■ 

V ^ 1 atom of A + 1 atom of II = i a^om of 0, binary, 

1. ,, „* + 2atom3 „ == 1 „ 1), ternary, ^ 

2 atoms + 1 atom „ = 1 ,, E, ,, 

1 atom? -^3 atoms „ — 1 „ 1% quafernary, 

etc. 

On the basis of the view that like patticles repel one another (cf. p. ic;, 
Dalton assumed the binary to be the most stable compound. Accordingly, 
if only one compound of two bodie.s was known, it was presumed to be binary. 
If, bovycvor, two compounds were known, one was deemed binary and the 
other# ternary (it will bo seen that two ternary combinations are possible, 
with no guiding principle available to select the correct one), etc. 

*It will bf observed that Dalton referred alike^ the ultimate particles of 
elements and of compounds as atoms, distinguishing them as “simple atoms” 
and “compound atoms” respectively. The preceding rules ho applied 
equally to the combination of elements and of compounds. 

Having thus assumed the manner in which substances united, chemical 
analysis furnished the desired atomic weidits. For example, water— at that 
time the only known compound of hydrogen and oxygei^-was assumed to 
be a binary compound. • • 

Dalton found for the combining ratify hydrogen :^fygcn,the value 1:7; 
hence these numbers represented tlie atomic. \#oights #f hydrogen and oxygen 
respecti\^ly. Similarly, ammonia was if'presented b|i NH, j^iteoMt was 
the only compound of nitrogem and liydrogen known, and atomie^weight 
of nitrogen found to be 5. 'Jdio atomic weights of com^iounds were obtainocf 
fl^m their combinalions By a similar proces^i or^ekie b^ y,(ldiijg*i^ the 
atomic weights of their constituent elements. * 

Early Atomic Weight Systems.- -The need of some guiding principle 
of general application in the determination of atomic wei^its, such as we 
now possess in Avogadros ?Iypothesis, is most clearly emphasised in the* 
failure of all attempts, prior to 1800, to estahlish a system oT atjjjijjie weights ' 
generally acceptable U) chcTnists, and before outlmiiig modern metbods, a 
brief account «f the tliree systems in use,* in mfOition to J>alton’s, in the first 
hal^pf the nineteenth century will 1)0 given. These arc the systems of 
Berzelius, of Gmeiiii, aiftl of^yerhar^it and Ijayrent.’* •• 

* Atomic Weight Sgstevis »of Hem I ins. — Berzelius devclopeil two aUimic 
weight tables ; the first, published iu 1818,^ was the outcome of work beghiB 
*i¥ngin 1810; the second, wliicb was far more succe.ssful, appearcS in 1826.® 

^ In (feveloping the first table, Berzelius obtained his results largely from 
the analyses of oxides, sulphides, ainj saljis. Combinatfon J)t^ween 
• ! 

^ Regnault also had a scheme based on Dulong and Telit’s ILaw. 

^ ® Berzelius, Lehrhuch der Cfiemie, 3 vols , 1808-18. ,Firbt German edition,.! 825-31 ; 
5th edition, 1843-5. ^ See Berzelius, Jahreshericht, 1828, 8, 73. 
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substances A and 13 occurred in such a ijpanner, he c^nsiderfcur‘'»'*i''» 

A may combine with 1 , 2 , 3, (jr 4 atoms of Hence the compositions of the 
oxides o£ irorf were assumed to bc^'i-egresonted by^FeOjj and FeOg; those of 
pot^sium by KO^ and KOg. These formulm were assumed on the gi'ound of* 
simplicity; su^h formula) as Fe 203 were rejected. 

Berzelius’ viewsc on salt formation were very similar to those of 
Lavoisier. An acid contained oxygon and coiosisted simply of a non-metal 
unitedk to that element, no Iiydrogen being present save in the hydracids 
HCl, HCN, etc. A salt was formed by the direct union of an acid with a 
base. Thus, barium sulphate <^was obtained by direct union o^^lphuric 
a^id, SOg, witt baryta, BaO. ‘ * 

Another princiolc was also used by Berzelius in .deriving the atomic 
weight of oxygen, namely, Gay-Lussac’s Law of Yo^untbs. Gay-Lussac came 
too the conclusion that the weights of equal volumes of gaseous substances 
were proportional to their combinii^ig weights, or as Dalton called them, 
atomic weights. By comparing* the densities of hydrogen and oxygen, there- 
fore, the atomic weight of oxygen could be obtained. Berzelius applied this 
method, and found the atomic weight to bo IG. He also concluded th^t 
an atom of water contained 2 atoms of hydrogen and 1 atom wf T>^gen, 
because 2 volumes or 2 units by weight of hydrogen combined with 1 
volume or 16 units by weight of oxygen. ,, • 

The assumptions regarding the composition of other substances were less 
successful, in the light of our present atomic woiglits; as witness the follow- 
ing numbers he obtained, calculated to the hydrogen standard: C = 12‘12; 
0-16; 8 = 32*3; Fe = 109*1; IIg-406; Na = 93*5. 

The second system, publislu'd by Berzelius in 1826, closely approaches 
our modern systey;) in the results (nbtained. It was based on four methods : — 
(i.) The composition of oxides. If ther^ exist two oxides of a metal, and 
the q^iuxiitiliipj of oxygen, combined with unit weight of metal, are 
in the ratio 1 : 2 , t(ie oxMes were MG and MO.^, ^ 10 ^ and MO^, or 
, and^lO,, ; if 2 : clothe formuhe were MO and M 203 ^ if 3 : 4, 

M 62 ; if 3 : 5, M.^O^ and 

(ii.)' In salt foVmation, the amount of oxygen in the'^lectro-negative oxide 
• (the acid^is m multiple of that in the iba.sic cv:ide. This multijole 
^ is iilso^thc number of atoms of oxygen present in the acid-. 

(iii.) Gay-Lussac’s Law of Volumes, now ajiplied more extensively than 
before, 

(iv.) Mitsch.orlich’s Law of Isomorphism, acpordiiig to xvhich the similarity 
in e»ystallino form exhibited by two compounds is a consequence 
**01 the similar mc(;hanical arrangement in their ultiniato particles 
of equal numbers ef “siM[)le atoms’’ (see Cliap. II.). 

Berzelius also recognised that Diilong and Betit’s Law fsee Chap^^II.) 
afforded a method pj| checking atomic weights^ thq^igh lie himself dm not 
apply it. ' ft ‘ ^ 

c Methods (iii.) and (iv.), to wliich Berzelius owed much of the success of 
his system, “are physical in character. The Law of Volumes was now applied* 
to chlorine and nitrogen, and tlic knowledge so obtained of the atomic? weights 
these elementv served as a guide in deifiing with others. 

*The application of methods* (i ),®(ii.), and (iv.) may be ilUistrated by the 
following exa^ipl^, wit^ which Berzelius actually dealt.^ He found that in 

^ Heizelius, Fogg, Annalen, 1826, 7 , S^V ; 1826, 8, 177. 
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^onnal^ohioiftaites the amount of oxy^n in the acid was three times that in 
the basic oxide.' This snowed the 3iroraatos to bo similar in coraposition 
to the normal sulphates. Therelioro, Jf ISO 3 represented sulphuric |ioid, 
Berzelius believed, CrOj, should be the formula for chromic acid. 

Next, it was found that the basic oxide of chroiniimi contained only “fial^ 
the amount of oxygen present in the acid oxide, referred the same amount 
of metal. Hence (method (i.)),#if CrOg is the ‘acid oxide, Cr.jOg must be the 
formula, for chromic oxide. It will bo noticed also that, although Ber^lius 
represented potassium chromate as KO.CrOg, the formula conforms to tho 
principled id down in method (ii.). ^ 

Now, chromic oxide \as known to be isomorphoiis with ali^miniuin and 
ferric oxides. Hence ^method (iv.)), their fonmdie must b| Al^Og and Fe.jC/J 
respectively. * I , 

By these methods Berzelius was able to arrive at correct formula) for^ 
large number of oxides, and hence, alijp, at approximately correct values, 
judged by our present-day standards, for ato^iic weights. Ilis measure of 
success can he gauged by tho following numbers, reduced to tho modern 
standard 0 = 16, from the values given by Berzelius in his 1826 table and 
based" 0 = 100 : — 

As = 75*33 Fe = 54*36 S = 32*24 

Cfi = 41*03 Hg-202*86 • Si = 41*47 

C =12*25 N = 14*18 Na= 46*62 

01 =35*47 P =31*43 Ag = 216*61 

• 

Only in the cases of tho last three elements do the numbers differ funda- 
mentally from modern values. 

Gmelm’s System of Atomic Weights.— Borzelian system of atomic 
weights, however brilliant in conciplion, came to gri^f through a principle 
in which its author placed considerable reliance, ^namel^ tho applica- 
tion of Gay-Lussac’s Law of Volumes, jrti 1826 Dun^is'^ began a series of 
vapour domsity determinations, deducing ffom thcrn.atf^nic weights .in the 
same manner as Berzelius himself. For iodine he found ^t!' \'aiiuo^l25*5, 

substantially tho saii^e as that of Berzelius; but for nu'rcury he found' 
99*45, only abAit oiiohalf of that o))tayie(l, jf result of ^hernical 
analysis, b^ the same investigator. Hero, then, by the rurfi’c a\tensiv 8 use 
of a method in which Berzelius trusted, was a result obtained at vaitauce 
with that deduced from chemical analysis. This anomaly was followed by 
others ; a few years later DunifMs showed by his physical metlTWtl that P « 62*2 ' 
and 8 = 93*74, whilst Mitscherlicli in 1831** added arsenic tfl tlm list, with 
As =152*6. Avogadro’s Hypothesis {vide infra, p. 21), which haa been put 
forward as early a^ 1811, affords a ready ^.vplaimtiou of these discrepancies; 
but yj^t hypothesis was neglected, and these results accordingly discredited 
in a large measure the systeii of B(‘jzelius, and paved y^e way to a readier^ 
» acceptance of Gmelin’s systenj • , 

As early as 1820 Gmelin ^ had published a scheme of numbers^ which ho ' 

^ This "fact is clear from tho modern rejnesentation of potassium chromate as KaCi 04 
(».«. KbO-CiOj). • 

* Dumas, Ann. Chim. Phys , 1826, 33 , 337. * 

* Dumas, ihidr, 1832, 49 ,‘ 210 , 50 , 170*. 

* Mitscherlich, Annalm, 1884, 12 , 137. 

' • Gmelin, Handbuch der Ckemie, 1817 ; 2 iid edition, 1821 ; 4th edition, 1843 English 

triTuBlatioa of latter, 1848-1872. » 
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recognised as equivalents or combining weights rather Wafl is ^tomic’ 
wei^t8,*but the tabic of 1843 was an atomic weight table. The principles 
'on whioh ib‘ was founded were ^ftii^vr in" character to those of Berzelius, 
Th\^s, he recognised Iho Law of Isomorphism, and, like Berzelius, regarded 
the strong Ijasic oxides as having formuhe of tlie type MO. But ho re- 
-fused to recognise fhe application of the Jjaw of Volumc.s, relying wholly on 
combination by weight, as Dalton had don« before him, and this in the 
siraplpst possible manner. “Let it bo granted,” he said, “that substances 
combine in the simplest iiossible proportions,” and “let no atomic weights 
be admitted smaller than those /vhich actually occur in combinatiq^ There- 
fore he caiiK back to the formula 110 for water, and tlic atomic weights 
H = 1, 0 = 8, C = S = 1 6, etc., as in Dalton’s table of L808. -i 

Atomic Weight System of Gerhmlt and La{ire(:t. — While Gmelin’s 
system was gradually coming into use, the foundations of another 
important scheme were being laid^by Cerhardt’ in a series of papers in 
1842-3; his views wore ad(*pted and extcndcHl by Laurent, ^ who hence- 
forward became his co-worker in the new scheme. Much of the advance 
which these chemists made came from a study of reactions in orgaiyc 
chemistry. Gerhardt noticed that in equations expressing chemiesri Portions 
in which carbon dioxide or water were liberated, two molecules of each of 
these substancc.s, or multiples of two, always occurred, jvhereas *vith 
ammonia only one was liberated ; the system of atomic weights used being 
that of Gmelin. As the formuhe for carbon dioxide and water on this system 
were CO^ and HO respectively, Gerhardt suggested that the equations would 
be simplified by altering them to and IToO.,. Or, as an alternative, 

simplification could bo brought about by doubling the atomic weights of 
oxygen and carbpn, so that the formuhe became CO^ and lloO. Similarly, 
carbonic oxide became CO, and by doubbng the atomic weight of sulphur 
the dioxide became Si M. 

Gerhardt and Lai[irent pow i*6vivod Avogadro’s hypothesis, or rather 
Arnpere’s^version ^ it (sec p. 2l»2), and employed it extensively, although 
they did n(ti/-^> so lar as to regard it as of universal application. The reason 
for tl^eir adoption of this hypothesis was that thef found the formulce, 
00*2, 112^), S0.2, and*’ CO#, suggested by the abovy. reasoning, were also th«se 
whieli were Arrived at on tlio basis of this hypothesis. They ecordingly 
proposed that the formuhe of all vaporisable substances should be altered 
where necessary, so that molecules of these substances occupied the same 
volume in the ^^aseous state. 

The effect^' of the changes made by Gerhardt and Laurent were far- 
reaching.^'* The first effect was to la'quiro the halving of many of the 
formulae in use, iiccessitatinjiT also <the halving of various atoniio weights, as, 
for example, that of silver. The formula of silver oxide in turn tecame 
AggO; simultaneous y Gerhardt and Laurent i^dopfii'd M.D and MOil^s the 
forpiulas of , basic oxides and hydroxides respeltively (which led, however, U> 
the employment of atomic weights for various metals only one-half as great 
as those in use to-day) ; and Laurent clearly indicated for the first tim^a 
that a hydroxide was to be considered as a substance intermediatt between 
an oxide land xvAter, thus : M^O, MOH, R‘ ,0. 

^ Gerhardt/'/. pral-L Chem., 1842, 27, 139; 1S43, 30 , 1; Ann, dhim. Phys., 1843, 
(iil), 7, 129;rl843«^8, 238; , ... 

Laurent, Ann. Chin. Phys.^ 1846, (hi.), i8, 266 ; and liis text-hook, AUthode dechtmUf 
translated by Odling (Harrison, 1855). ‘ 
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Thr MoLBcuLAif HvpothesiI and the Modern System or 


Avogadro’s 

connect ion with 
in some detail. 


ATtxMK'^WfMiiiirs. * 

Hypothesis. — This hypothesis, already referred in 


the work of (lerhardt and Laurent, will now.lio considered 


The ejnestion of the nmnh#r of ultimate parueies or ••atoms ' in a given 
volume of gas had (‘xeroised the mind of Dalton, who came to the conejnaion 
that in (Mil a I volumes of different gases at (ho samo lomporatnre and pres- 
sure tliGi ambers of ^iltimate pai tides wa'ie not the same. Cay-Juissao’s 
discovery of ‘the Law of Volumes led him to state that (Ao combining 
weights of differon]; wibstanees were proportional to (heir (^nisitii's. In 1811 
Avogadro^ accepted •he# accuracy of (<ay-ljussac’s Law, and pointed out 
tliat it was a most natural assuinjition to (andudii that the numbers of 
“integral molecules” in eipial volumes nf all gases aie the same at tlie same 
tomperature and pressure. Dalton had also rtfilised this, and, partly for this 
reason, refused to recognise the accuracy of (lay-Lnssac’s Law. To Dalton 
and his contemporaries the smallest parliide of a sulistancc that existed in 
the fiy/stClto was the atom of the suhstance, and hence tliey could not accept 
AvogadiVs hypothesis, which could only be brought into lino witli facts by 
assifming th^^ these “atoms” of various elemeiits capable of subdivision, 
Avogadro dearly pointed out the two important consequences which 
follow from the acceptance of his hypothesis, vi/. : — 

(i,) The relatiiie inasses of the 'Hntetjral molecules” of <jases are in the 
ratios of the densities of the (ftsrs 

By “integral inoloeides” A\og.i(lro und(!rstood “molecules” es that 
term is now un(l<'rstood ; a preci.se detiit^tion of the tei#'n “molecule” is 
given later (p. 22). In illiisWation of this dodyction, ho quoted the 
densities of oxygen and hydrogen as L103bl) am^ ^'07321 respectively 
(air-l). The ratio of these nunilK*rs,*n;.m 4 'ly, IbpTd: 1, was therefore 
the ratiofof the niolecnlar weights of o\}^o-n and l^)(b^gcn. . 

(ii.) The ^^intej/ral molecules” of vat ions yaseous elemeift (re fhe^iselvei 
composite. * 

j^Two volumes of •nydrogen, it was known, comUnc ^vith one vj^lnrne oi 
oxygen, p.-'diieing two of steam. Since eqmil vdiinies of different ^asofi 
contain equal numbers of “integial molecnles,” two “ integral niolccult« ” ol 
hydrogen must combine with one of oxygen and produce two of steam. 
Hence this one “integral moh*c;uIe ” of oxygen must nndeif^tf subdivision in 
the process, being ljiah’'cd ; or, the “inb'gral moleeide ” yidds»tw^‘ element- 
ary molecules.” Tlic term “deniontary moleeule” was used by Atngadro 
with the meanyig now attached to tin? wowl “at#ni ” 

^^ogadro thus postulated the existence of two ord(‘rs (?f small partidea : 
(i.) mblecules, which ^re physical units, being the ^lallest masses of a 
SAibstance capable of existenc^iu the free stat(* and (ii.) atoms, ^ho nltinyate 
particles of which elementary bodies are aggregates, which enter into the 
eomposition of molecules, and which rnay*or may not ho identical with 
molecule^ in the cases of the elements. The latter (piestion requires to be 
determined by experiment; Avogadi^’s Hypothesis, wliich selves th^ prima^ 
purpose of detoi-mining relatito mplecufar wAiights, can be utilfsed for this 
purpose by applying it to the expcrimeutal results^ sinjfi^as thetS^^summarised 
in^Gay-Lussac’s Law of Combining Volumes. 


^ Avogadro, Journal de physique, 1811, 73, 68 ; Ahmhie Clu\ Iteprinls, No. 4 (Clay, J1893). 
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Avogadro’s views, unfortunately, r^eived but little notice, and Ampere, 
"Who brought for ward si milai*- ideas in 1/114, 'ioiot with no better success. 

The Modern System of Acoiiiic Weigitts.—About the middle o{ 
last ‘century there came a change in the basis on wliich the atomic weight 
system was laid.*^ Dalton’s methods were based on weight relationships and 
chemical analysis ; those of Bet/elius, partly pn chemical analysis, partly on 
a physical principle (the Law of Isomorphism), and partly on the Law of 
Volumes, which was insufficient, however, to show him the difference between 
atom and molecule. (Imelin returned to weight methods. The^p^ethods, 
however, are, incapable of solving the problem of theMetcrmination of^ atomic 
heights. The Law of Combining Weights {vide supra, p. 12) becomes, in 
the language of the Atomic Theory, the statement tha/j elements unite in the 
rfitios of finite multiples of their atomic weights; whence it follows that a 
simple numerical relationship exists between the atomic weight of an element 
and each of its combining wpights. Farther than this, however, it is not 
possible to proceed from the Atomic Theory alone. 

Gerhardt and Laurent first realised the value of being able, by Avogadro’s 
Hypothesis, to compare matter in its simplest (the gaseous) cor^ditiw, and 
so to arrive at correct molecular wciglits. Cannizzaro’s system, in^ 1858, 
carried this method to complete success and established our modern syfitem 
of atomic weights. 

In order to realise the full v.'iluc of Cannizzaro’s scheme, it should be 
borne in mind that four systems of atomic weights were in use by different 
chemists at the middle of last century — namely, the Berzclian system, a 
modified form of it, Gmelin’s system, and that due to Cerhardt and Laurent. 
A conference of chemists, called, in LSfiO at Karlsruhe to discuss the con- 
fusion of systems, was made acquainted, at its close, with Cannizzaro’s 
system, which soon b.qk*ame the accepted one. 

In brief, Cannizzaro’s system K made Avogadro’s Hy[)othesis its basis. 
The molecular weights of substa^^ces were first to be found, afterwards the 
atomic wi^ig^s of ftae blemenis. Applying the hypotlicsis to the results of 
f the chemical 'tiffion of gas('s, Cannizzaro fo\ind tha<- tlie molecule of an 
element was genoi;illy^ polyatomic; as a rule, diatqwie. Tlie anomajjes 
found by Dumas (p; 19) were explained by supposing the n^'lecules of 
phosphorus, 8ul})hur, .and mercury to be tetratomic, hexatomic, and monatomic 
respectively. Cannizzaro found that his results also accorded with those 
I obtainable on ^tiie basis of Dulong and Petit’s Law {vide p. 89), and ho used 
this law when , other methods were not available. 

The iCiJllern atomic weight system is practically identical with that of 
Cannizzaro, and rests upon Avogadro’s Hypothesis, that equal volumes of 
all gases, under the same conditions of temperature and presoure, contain^equal 
numbers of molecules. This is rightly regarded as^the basis of the Gvomic 
weight system, sine’e it was v»nly by Ks adopuion that *'tlio term “atom” 
c ac(Iuired its present meaning. A gaseous moieeule is the smallest idtirmte 
particle which can exist in the interior of a mass of pure gas, and in generaj 
, a> molecule may bo defined as that minute portion of a suhsteince which mcpves 
pOirnd as a whol^ so that its parts, if it has any, do not part company during 
thb excursions which the molecule nsnhcs ; ^ it^^olecular ivei^ht is the weight 



^ 'Cannizzaro, Sunto di un^xorso di filisofia chimica fatto nella Jicale University di 
Oenova, 1858 : Nitovo Cimento, 1858, vol. vii, ; Alembicidab Reprints, No. 18 (Olay, 19fl), 
* See Maxwell, Theory of Heat (Louionans & Co.). 1899. chap. xxii. 
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of this ultimate particle, ^•eferred to iie weight of the molecule of a sUndard 
substance. 1 ^ * i * * *• * 

, The fact that oxygen^ contains (at. iJast) two atoms in its inofeciile has 
already beou shown, and similar reasoning applies to chlorino^ nitiogcd,*and. 
hydrogen. Thus, 

1 volume of hydrogeit+ 1 volume ot ciilorine give 'L volumes 
of liydrogen chloride . 

hence, Avogadro’s Hypothesis, if n is tlurnuiuln'r of molecules in each 
volume of ga.s, 

n moleoUes of hydrogen + molecules of (’hloi^nc give 
i« gK)lcc.nles of hydrogen chloride, 

or 1 molecule of hydrogen -h 1 molecule of chlorine give 

2 molecules of hy<irogen cliloride. 

• 

Since each molecule of hydrogen chloride contains, of necessity, hydrogen and 
cjdorinc, the molecule of each of these elements must liave been halved. 
The %;du«tioii that the molecule of nitrogen is divisible into two parts 
follows from the fact tliat two volmm's of ammonia when deeom}) 08 ed yield 
thrwo volunms of hydrogen and one of nitrogey. Is’o clieinical or other 
evidence leads to tlio conclusion that in these elements there are more than 
two atoms per inolccide (.see Chap. Vll.). 

The atom is defined as the snuilleH part of an element that found in 
any molecule. Its atomic weiyht., in turn, is deliiicd as the ianallcst of the 
iceights of the element contained in the moleruhtr weights of the suhstanccs into 
the compontion of which the clone nt e/z/r /’s. • ^ 

The doteniiiriation of atondc ^weights, iti the light of this definition, U 
dealt with in Chap. Vll. 

Chemical Symuols anu FoiTmul.-k. Fi*hl'^ion.s. 

A symbolic chemical notation was used by the alcfiemists ; unlTko tho 
nildern notation, holv’cver, it had only a ipialitativi^ mcniiing. Qii^iutitative 
chemical Mt)tation was originated by D.ilton tlie systcRi *in use ift the 
present time is, in all essentials, that dexisijd by Ber/elius. , 

Each clement is denoted by a ojmlxf whicli is the initial letter of its 
Latin name. Somelimes a s'(»(;ond letti'r is added wIk'ii S»'venil elements* 
have the same initial letter: c.g. carbon, cojipcr (enja-nm^., eblorino, and 
ciesium are denoted by C, Cu, Cl, and Cs respect ivi'ly. A full liSHif symbols , 
is given on p^ 25. In order to att.ich a (piaj^tit.itive significance to these 
synods, it might at first sight nppear the simplest plan to regard the 
syiUDol for an element *is st^mdiiig for one combining ij^ight of the element. 
•The formula of a compouiftl coultl then bif rejiresented by ^vriting down 
the symbols of its constituent elements side by side, and its (juaiititativei 
cjiemioal composition fndieated by attacliing numerical suffices to, the 
symbol#, in order to denote the relative numbers of combining weights of 
ea'ch element present. A dilficnlt^ arises, however, in th?) con^ilation 
a table of combining weights, since mluiy blemeuts possess nfbno than one 
combining weight. Accordingly, instead of lolling t^0*symb(d1for an element , 

^ See Chap. IV. fur ilie dcLeriiiination of molecular weights, 

* Dalton, A New System of Chemical Philosophy ^2 vols., 1807-10. 

* • • • 
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denote a combining weight, it is chosoi* to represettt one atom or one ntomtc 
weight of the element: the ^nubls previously given stand for one 

atom or 12 parts by weight of carbwi, cue atom or%3 57 parts of copper, one 
atoifr or 35*46 parts of chlorine, and one atom or 132-8 parts of cajsium. 
Further, the 7o»mula C,C1^, for example, denotes a compound of carbon 
"and chlorine (carbon' tetrachloride), in which for every atom, or 12 parts by 
weight, of carbon there aro four atoms or 4 x 35-46 parts of chlorine. The 
affix ubity is always omitted, so that the formula is written CCl^. 

Still retaining this example, it is clear that the formula (•„CJ4y^0Lild do 
equally well tg denote the composition of the substanf;c, n being any integer. 
However, it is usual, w'hencver possible, to write the formula of a compound 
so that it represents a molecule, i.e, so that on adding u|^thft weights of all the 
atoms represented in the formula, the molecular weight of the compound is 
obWned. Such molecular formulm can only be written for substances of 
known molecular weight. The molecular weight of carbon tetrachloride 
having been found to be 153-8, it is clear that the simple formula CCI4 is also 
the molecular formula, and denotes that one molecule of the substance 
contains one atom of carbon and four atoms of chlorine. yVli4rt^» the 
molecular formula of a compound is unknown, it is usual to emph/y the 
simplest formula that expresses its composition, this being termed the 
empirical formula, e,g. the empirical formula of cupric chloride fs CUCI2, but 
its molecular weight has not been determined. 

When the atomic and molecular weights of an (dement aro both known, 
a molecular formula can be given : e.g. the molecular foi'muho of oxygen, 
hydrogen, mercury, and phosi^horus, in the gaseous state, aro Og, Hg, llg, and 
P4 respectively. , 

By means of formuhe, it is possible to express in a very concise manner 
the results of a chemic^d change. The formuho of the reacting substances 
are written dowti on'^tiie left, and» coniujcted together with plus signs to 
indicate that they havc^rcactecr together ; on the right, the formuhe of the 
8iibstan'ccs^]Ml«ducedr>arft written down, and connectcM with plus signs to 
indicatttr that uibyflare all produced together. A sign of»equality between the 
two groups of formqlcG denotes that the substances on,, the Itdt have bQ|n 
trans^rnfed into |/hose'on tho right, and the necessary nnmerical^cpefficients 
are plac()d before the various formuhn to make the numbei- of atoms of each 
element the same on both sides. Such a symlxdic rcprcseiitation is termed a 
^hemkal equation,,, was first emjdoyed by Lavoisier as a means of express- 
ing chemical reaction. As a simple illustration, the equation 

2112 + 02 = 21120 

summarises the following statenmhts : (i.) 2x2 or 4 pai;ts «.by weight of 
hydrogen combine with 2x16 or 32 parts of oxygen to produce 2 x (2^16) 
or 36 parts of water ;5,and, sinccj the formqjjjeare wolei'ular, (ii.) two molecules 
of hydrogen vnite with one molecule of oxygen Jto produce two molecules of* 
bvator (steam). In such an equation it is easy to re^d the relative volumes 
in which tfie substances react, by recalling Avogadro’s Hypothesis (p. 2*^V 
to mind ; and the preceding eipiation is nyxdily seen to express the f§,ct (iii.) 
<fcha^ two volume4'of hydrogen combii^e wilh one volume of oxygen to prociuce 
two volumes of steam (all measun'd at the same temperature avid pressure). 

As a secopd *ex[iinp^e^ the eipiation 
• ■ c2KC10y=2Ka + 30.^ 

exprei^ses the fact that ^(39*10 + 35*46 + 481 or 245*12 narts of j>otassium 
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chlorafe, when decornpd^ed into pALassiuni chloride and oxygen, yield 
2{ 39‘10 + 35*46} or 149*12 parts'ol Ae Conner and 6x 16 or 96, parts of the* 
Jatter. It is not possiblefliowovor, fn)m*tliis equation to make »statoments 
corresponding to (ii.) and (iii.) of the previous evanqde, since the fori nuhf for 
potassium chlorate is only empirical. 

Rut whilst a single c(piatio|i may give a cifinpleto qunntilative representa-- 
tion of the initial and final condition of reacting substances, it seldom happens 
that the actual way in which a reaction proceeds can lie indicated *l)y it. 
Thus whfto^ potassium chlorate is heated, ])otav;siiim pere.ldorate is first formed 
accordirfg to tjio equati^i 

dKdlO^-.'lKtno^ + KCl, 

and it is not until a icmpftrature of 305" has been exeeedi'd that oxygon is 
evolved.^ We thus see that the reactions may bo considerably more comjJli- 
cated than the single equation would le»l us to believe. 


INTERNATIONAL ATOMIC WEIGHTS, 1917. 


AiumiiMum 

A1 

0-16. 

27*1 

Molybdenum . 

. Mo 

0 =m 6. 

96*0 

Antimony 

Sh 

120*2 

Nectdvnuum . 

. Nd 

144*3 

Arg<fti . . 

A 

39*88 

Neon . 0 . , 

. No 

20*2 

Arsenic .... 

i\s 

71*96 

Niekel .... 

. Ni 

58*68 

Barium .... 

Ha 

137*37 

Niton (radium onianalion) 

. Nt 

222*4 

Bismuth . 

Bi 

208-0 

Nitiogeii . 

. N 

14*01 

Boron . . . • . 

. B 

ll-O 

Osmium 

, Os 

190*9 

Bromine . 

r.r 

79 92 

Oxygen . 

. 0 

16*00 

Cadmium 

. Cd 

112*10 

Palladniiii 

rd 

106-7 

Cfpsium .... 

Cs 

132 *81 

riiusiilioius 

p 

31*04 

Calcium .... 

Ca 

40*07 

1‘laTiniiiii . 

I’t 

195*2 

Carbon . 

0 

12^)05 

Pic.issiiim 

K 

39 10 

Corium . 

Co 

140-2.6 

l’i.iM‘o(]\ iiiimii 

I’r 

140*9 

Oliloriiio . 

. Cl 

36-16 

lif.dimn 

Ra 

226*0 

Chromium 

Cr 

.62 0 

Hli|fltuiu . 

Rh 

102*9 

(fobult • 

. Co 

.68-97 

liiimdium 

* Jtl) 

• 85 *45 

Col uni bill m 

. Cl) 

93-1 

Rut In Ilium 

Ru 

JOI-7 

Ciqipor . . * 

Cu 

6'5‘.67 

S.imaiium 

Sa 

150-4 

DjPjirfisuim • 

Dli 

Va- 

16-2 -.6 

Scandium « 

So 

. 44*1 

Erbium . • 

167-7 

Si'lcnimif . 

Se^ 

^9*2 

Eurojiium 

j-:u 

1.6 J 0 

Sllieoii 

Si 

28*3 

FluoriiiG . 

F 

19 0 

; Silver 

Ag 

1107*88 

Gadolinium 

(Id 

1.67 3 

! Sodium 

Na 

23-00 

Gallium . 

G.i 

• 69-9 

Slnmiium 

Si- 

87 63 

Germanium . 

Co 

72 f) j 

Siiljilnii- . 

S 

32*06 

Glucinum 

Cl 

9-1 1 

Taiil.ilum 

• 1 ;.^ 

181*5 

Gold. . . 

, An 

197 2 

'relluiinm 

To 

127-6 

Helium . ■ • 

Jin 

4 00 ! 

'l'••ll)Ulm•. 

Tl) 

159*2 

Hoh^him. 

Hydi^GU 

. Ho 

163 .6 1 

'I'll illium . 

'I'l 

204-0 


•il-Oi'S : 

'I'll mum . 

Th 

232*4 

Indium . . • 

]u\ 

, 114 

'rtiuliii«i . 

Till 

168 '5 

Iodine .... 

. 1 « 

, 126 9-2 

'fill . 

• Sn 

m-7 

Iridium . 

Ir 

193-1 

'rilanium. 

Ti 

48*1 

4rou ... 

• Fe 

.65 84 1 

'ruiij^tcii . 

. W 

184*0 

Kfyptoii • . . . 

Kr 

82-1»2 ! 

Uranium . 

11 

238*2 

Lanthanum . 

. La 

139 O 0 1 

Vanadium . ^ 

. V 

5l*0 

Lead .... 

Pb 

207*20 

Ni'iion 

Vttornimn (Neoytterbiuin) 


130<1? 

Lithium . , . 

Li 

6-lil ! 

Yb 

178*6 

Lutecium 

Lu 

175-0 i 

Yltiium . . •. 

• Yi 

88*7 

Magnesium 

. Mg 

24-32 1 

Zinc • . 

.•Zn 

05*87 

Manganese 

Mn« 

.64 -93 

Ziieoniuni • 

. Zr 

• 90 6 

Mercury .... 

■ Hg 

200-6 1 

. 


• 


1 Scobai, Zeftsch. physikal. Vlicrtt , 1903, 319. 
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GENERAL PROPERTIES OF ELEMENTS AND 

COMPOUNDS. 

* 


The Propertiiw AxND Laws oe (Jasrs. 

The Gas Laws.—Tho oxpcriinoutal laws wliiuli doscribo the bctuivT^iir of 
gases xnay be eiaunerutcd as follows: — 

1. jBoi/le’s Lawy accorditig to whicli the voliuno (?>) of a giveiiiniass of ^as 
is inversely proportional to the pri'ssure (/>), provided the temperature 
remains constant. Mathematically expn'sscd, the law becomes 

/I cc ^ or wp = constant. 

V 


2. The Lav) oJiC/iarlcs or br'ny-^y'a.s-.sac.— -This law describes the connection 
between volume and^ temperature, by •stating that the volume of a 

gas increases by«; for 0*00367) (if its value at 0" C. for each centigrade 

J I O 9 • ^ 


degree rise*ii^omp(.j|»i‘itiv‘c, the pr<?ssuro being assumed to remain crtistaiit. 

^ 3. iChe la^ cfnnieiTing temperature and pressure at constant volume, 

according to which orcIi degree rise of temperature on the centigi'ado scale 
■results iI]^an iycrease pf*])res^ur(‘ amounting to D*003()T of the pressuro%t 

O’C.* • •• 


4:.* Dalton^ 9 Law o/ Partial Pres9nrc9. — This law states that the pressure 
^set up by a mixUire of gases is eipial to the sum of the [iressuros exerted in 
the same space ley each of the constitncnt.s. (See p. 99.) 

6. Gra^'\vi'Jl Law of Dlffn9ion of 6Ws, according to which the rates at 
which gases dilTuse are inversely proportional to tin; sipiaro roots of their 
densities (see pp. 33-34). » * ^ , 

6. Gay-LnsmiLs Law of Comhinaiion hij — This has alread;;^ieeu 

discussed in Chaptertl. ^ , 

-•The first«five laws just mentioned, althougt established experimentally; 
find a the 9 retical basis in the kinetic and molecular theories, from which 
they can be deduced. ^ Moreover, any of the first throe laws can be deduct 
from the other two. ^ • 

^ * The Gag liquation. — Wl^en s^iealting of the gas laws, the particular 
ones generally^included under tins head are. the first three menttoned— namely, 
those whicli deal \^ 4 ith flit al^^pration of the three factors, temperature, pressure, 
and Volume. A very convenient expression has J:)een adopted, known as t^e 

‘ SeflO. E. Meyer, Kinetic ^heorj/ q^Gases, translated by Baynes (Longmans & Go.', ISW). 

A 




^hero T is the temperature on the absc^uto scale, and finally 

Vt _ T 

v'-m 

IT, brief, this expression states that at cfuistant pressme the volume is 
proportional to the absolute temperature, or t^ocT. 

Accordin'g to Hoyle’s law, however, v oc 

P 

If, therefore, the temperature and pressure vary simultaneously, 

-y oc - or = constant x T = RT. 

P 

If V represents the volume of unit mass, namely, 1 gram, ftien its value will 
vary for different gases, and R Vill bk<;wise vary. *, Hy a proper choice of ^ 
units, however, it is possible to make R ^le same for* e^^ery j:®is to which the 
equation applies. The chemist usually employs tlia» molecular weight and 
moleculat volume as his units, and the most general «fori 4 of th'’ }^is equation 
becomes 

PV=:RT, 

where P d^inotes tne pressure and V rci)resents the grannuu)>ocula*r vs>lurae, 
which, according to Avogadro’s Hypothesis, is a constant (quantity for al[ gases 
at the same temperature and pressure. Hence, provide<l the gram-molooulo 
of a gas is always dealt with, ^he value of R is iudepeiidentspf the iiature oi 
the gas, and its numerical value depends only upon the upits in terms* of 
which P, V, and T are expres.sed. 

When a substance changes its volume, under pressure, work is either done 
hy tbe suhstaftcff (if it expands) or on tlie suftstaiico (if contraction occurs), 
and^o, in accordance ^witli the method employed in measuring work, the 
product PV represents tho*'*vork ^tono wheif one grafft’moleeular volume of 
gas is generated under a pfessnre P. The value of R, measured in 
units, i.e. ergs, can be ofetained as follows 

• At P” C., or 273“ (abs.), and 76 cm. pressure, V = 22,400 c.c. in round 
numbers. Accordingly P = 76 x x 980‘6 dynes per ^iqnaro^cm., 

13’59 is the density of mercury at this tiemptfruture. Hence 

-P_PV 76 X 13-59 X 980-6 x 2’.i, 4.00 

rp - - ^73“- 

= 8*4 X 10^ ergs. 
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Dilo G(juatiori is sometituGS 6xpr6ss(jl in. anothGir way ^ siuuu lutJuiAiLiiutti 
energy and heat energy are quantitrlivclj^ transformable, 4*2 x 10^ ergs 
being eqilivalont to 1 gram-calorie oP belt (the mecl^anical equivalent of heat), 
R ctfn also bo expressed in heat units, being obviously approximately equiva-* 
lent to 2 (mor6 eicacbly 1*98.5) caloiies. Inserting this numerical value of R, 

• pV=2T. 

Iu«this form the e({nation is of particular use in thermo-chemistry, in 
cases where it is desired to determine heats of reaction between gasqs. If a 
reaction be accompanied by expansion or contraction* part of the heat effect 
observed is dfie to the work done during the alteration of volhme, and this 
must be allowed 4or in deducing the actual heat of* reaction. At f C. 
the production of each gram-niolocular volume (A‘ gfis corresponds to an 
absorption of 2 (*278 -f /!) or 546 -|-2^ gram calories owing to the performance 
of external work. « 

The Validity of the Ga^ Laws. — In the foregoing section no question 
has been raised as to the extent to which the gas laws given are valid. The 
coefficients of expansion for heat were supposed by Gay-Lussac to be the same 
for all gases. That this is not so was first definitely proved by*Regnault, 
whose results are given in the following table ; a is the coeffjcicnt of expansion 
between 0® and 100’, nu'asurcd at a (jonstant pressure of one atn^osphcrc. • 


Gas. 

a. 

Oas. 

a. 

Hydrogen , 

0*003661 

Carbon dioxide . 

0 003710 

Air . * . . 

0*()03«71 

Nitroua oxide 

0*003719 

Carbon monoxide . 

0*003660 

Sul[4mr dioxido . 

0*003903 


Evidently the vah]^ of a dopaAs more and more from that of the true; 
gas (convoiaiently I'j^re^ented at fitmospheric pressure by hydrogoit) accord- 
ing to^the elN) jvith which the gas can be liquefied. The coefficients of 
Increase of pressure with rise of lcm[)cratnre show the s?lmo tendency. 

In i\'^rrd to Boyle’s Law, [he discoverer’s invuijtigatidns wore limited t#a 
range* of pressure extending between and 4 atmos])hcres, atai kero only 
able to prove the substantial trutli of the relationship. Early in the nine- 
teenth century, Oersted, Despretz, Arago, Dulong, and others turned their 
*attontion to tho^uestion whether or not lloyle’s'Law would be valid if pressures 
considerabjjy .greater than atiiiosfiheric were applied to a given volume of gas. 
No trustworthy data were obtainable, however, until the experiments of 
Regnanlt, published in 1847, k were Carried out. ’ , 

As the result of his experiments, Kegnault found that not one of theJJ^ur 
gases he employed, *pamely, hydrogen, ^nitrogep, air, and carbon dioxide, 
obeved BoyW’s Law be'wmen pressures of 1 an{j. 27 atmospheres, the ranges 
•used; and further, that whereas hydrogen was less compressible than 
the law would lead us to expect, *the three others w*ere more compressible. * 
The small range of pressures adopted by Regnault lod to inqiftries by 
<Dthpr investigator’s, the mo.st important elperimonts being those of Araagat.^ 
Two seiies^of determinations wore carried out. In the first, the pressures 

* RftgnauU,*'“ Edition des exfjeripnces," 1847 ; de VAcad., 1847, 21, 329. 

* Amigat, Ann. Chim. Phya*., 1880, [v.], lo, 346 ; 18^?1, jv.l 22, 363; 1883, [v.l, 2% 
456, 454 ; 1893, [vi.], 29, 68, 
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^ • 

employec^i’eacflfed 400 atij^ospheres and were measured directly, the manoq|ieter 

tube for the purpose being built inltho shaft^of a coal-mine. In this way^ 
the behaviour of nitroge% hydrogenfoxjigon, and air was tested, and, when** 
•known, enabled one of those gases, nitrogen, to be used in a manometer 
instead of a coluinn of mercury. The pi-eshuros employed .in the second 
series rose as high as .3000 atmospheres, biding measunod liy a mechanical* 
device in an apparatus based (M the principle of the hydiaidic press. 

In addition to the four gases alrea ly mentioned, CCb, C.Jl^, and CH^ wore 
also tested. The results both conlinned and very considerably extended 
Regnault’s observation^ hydiogim standing .-•lono as a gas less compressible, 
all the othert being more compressible than according to Boylfss Law, wh|n 



Pifessure in Atmospheres » 
Fiu. ]. — iJcviations from Hoyldt- Law. 


higher pressures were ajipbed, the value of the product yiw reached a minimum 
and thereafter sti'adily inGrcas4»'d, just as with hydrogen. 

The most convenient method of rcfin'scnting the facts gra^mcally is to 
plot, not simply the pressure against voluim*, but the product 2 W against 
the pressure and in the curves (ligs.«l and 3) this method is adopted 
Fig^ iudicates^tiie general types of curves obtained by Amagat, together 
witn^hat wdiich should bo^obtaimd if Boyle’s Law w^re exact namely, a 
horizontal straigh't line. <5xyg('ij and airfare sirniLir in ^chayiour to 
nitrogen ; while the curve for ethylene has a deep minimum point, like that# 
for carbon dioxide. Modern work has showfi that the curves for4ielium and 
neon reifemble that for hydrogen. 

Amagat also carried out experin^nts with carbon dioxide fluid etj^yleno 
series of difTer^t temperatures, cxtendiiTg frdhi 0 to 258 in the <Jase.of carbon 
dioxide. Fig. 2 represents the results graphically. will be* seen that the 
minimum point tends to disappear and tlio gas to^ehave more aif an ideal one 
fhe higher the tcniperature is raised. At ordinary temperatures the hydrogen, 
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helium, and neon curves do not exhib^; minima, a^d it is neoessafy rp cool 
these gases to a low temperature beforeiiurves of this type are obtained.^ 

* Boyle’s Law, for pressures* less tJiJinj^tmo'spheric, has also been the subject 
of njany investigations, ^ of which the most recent and important are those of« 
Lord Rayleigh,^ Three ranges of pressure wore used — namely, l-0'5 atmo- 
^sphere ; 150mm. -75mm. ; and l-5mm.--0‘01mni. The results obtained between 



one almosphere and half an atmosphoro pressure arc recorded in tlie follow 
^ table, the value referring to Ot) atmosphere and PV to 1 atmosphere. 


0 

Tcin])'‘ratnro. 

pv 

PV 

Il2 . . . 

107'’ 

0-99975 

N., ... 

14-9“ 

l-OUOlf) 

Air . •» . 

» 11 -r# 

k • 1-00023 

«0 . . . 

]3-8“ , 

1 1 -000-26 

0.1 .... 

ll^” 

1-00038 

n;o . . . 

* 11*0" 

• 1-00327 

NH, ... 

’ 9-7° 

r0ii632 


— rr zz: 

'■* For li^ngcn, see Wroblcwski, 1888, 9 , 1067. '' 

® For an aciyunt of the investigations on Boylfc’s Law, both for pressures greater and less 
than one atnnjjspheiQi see^Viunft tHoichiometiy (Longmans & Co.), 1908. 

3 Rayleigh, Fhil. Trans., f&Ol, 196 , 206 ; 1902, 198 , 417 ; 1906, 204 , 361 \Proc. Hoif, 

f!/y> lOAR AAA 
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At lOA? jwe^ures, then, just as at hi^]i pressures, the gases Siost readily 
capable of liquefaction afe those wh|h depart to the greatest extent from 
Boyles Law, the so-cnlled neriUfWienllgs^fSes slnwing little devhition, Over< 
the second range, IhOmm.-zhnnn., tffo easily liqueiiable gases stilf deviate 
slightly from the law, whereas the values oi pv for nitrogen, air, and hydrogen 
remain practically constant; but at low pressures, l-rjinui.-0^)fmm., all obey 
Boyle’s Law, so far as experiment can detennifl(;. * 

Ihe question of the absolute validity ol Hoyle’s Law under extremely 
small pressures, however, cannot be deedded from the experiments that •have 
been made up to the present time. The error incurred by assuming the 
validity of Bowles Law !^etween the two pnxssures jiq and />2 is b^'st expressed 


by a coefficient defined by the equation - 

• • 


Pl^l Pf 


-PiY 


Jf Boyles Law is acenrato under ('xtremely small pressures, then when 
Pj^aiid />2 ’N'cry close to one another and each is almost ml, the coefficient 

A^^ sb<*dd equal zeroj Altliougb (ixperimciit so far is unable to’decide wliethei* 

Pi , 

this ^s so or #iot, it is considered by i). Bertbelo1| Leduc, and others that 
such is not the case. I’iiis conclusion is i-caddy deduced from Van der 
Waals’ eijuation {vide infra), and seems to be in accordance with the experi- 
mental evidence ; *for example, in the case of oxygen the deviation from 
Boyle’s Law is as pronounced at 156 mm. as at 800 mm. pressure.!^ 

There is then, in goner.il, at any lived tomperaturo only one pressure in 
the immediato neiglibourlioofi of winch Boole’s Law is stricMy true. This is 
the pressure at which pv is a minimum.^ , 

Van der Waals’ Equation.- As ii became clcai^ #»-()ni ^lo experiments 
of Kcgnault and others, tiiat not one of the ga« laws rigidly, a number 
of investigators sougiit to obtain an ecpiatioi^wliich sli^uld co]‘rectl}»rcpresent 

f yer a wide range the cllect of piessure on the volume c)f ii gas. Of^-theso 
ttempts perhajis tlie itibst inipoj-|-int was tliat of van der \\aa]s,^ who intro- ' 
duefd two curi'i'cliiig Victors into llie g, IS e(]U.i( lop. ^ #• 

In ord6r*to understand the nature of these corrections,* reference must 
bo made to the kinetic theory of gases, on the basis of wliicli the factors 
were deduced. 

The volume of a given niass^of g-is may be considered asYlie sum of two 
quantities, the space occupied by the molecnlis tlu'insf'lves iPlid .tJ^Ji't which 
separates them Irom ono^anotiicr, tlie former being small m comjiarison with 
the latter when ,tlm gas is not strongly ci/Tiqireswed. Obviously, the volume 


^ I.e. the taiigent t<i»thc;vr-;i/cuf 4 ’o sliouW lx* hoii/niutiil wlica;)?l^. 

• * ® Gray and Burt, Tram. Chnu. Hoc , ItiOa, 95 , • • 

® ComjiiOhsibility mcasun iuciits at i)icfisuvcs helcw a 1 inos|.hciic are of great utility. As 
already stated, Avegadro’s hyfotlicbis jiiovidcs a iiie;fiis o( I'uidiiig the molcculai weights of 
substances in the gaseous state. But as the liypotliesis oquires giees to be coiiijiared under 
the same conditions of tcmj)orature and ]«essuie, and .since no two guses beliave alikp 
itowards changes of ternperatuic and jucssnie, it olivions tliat under ordin^rjfconditidlns 
-the hypothesis canflot be stiutly aceuiaLo. It is po.sMl)le, howevei, by^easuiing the 
extent to which differont gases deviate liorn Boyl-.’s haw to intjoduce^orrccHons for these 
deviations. The method is explained in Chap. IV. p. 132. * 

Van der Waals, Kontinuitat der gasfomnigen u. Jliimfjen*%istandes, Leipzig, 18 * 81 . 
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available for compression is tliaPof the spaces between theinibi^cules only.^ 
Further, according to the kinetic thfcry, the molecules are considered as 
being contiiKiously in motiofi, perf^fttly clas'tic, ar^ by their impacts with the 
sidps of the containing vessel, or witn any surface exposed to their action^ 
setting up thp pressure wliich is recognised as gas pressure. 

The first coVroc^ion which must be introduced is due to the size of the 
molecules, the effect of wliicfi will be mad/^ clear by the following con- 
sideration. If a sphere of 1 cm. diameter start to roll by the shortest possible 
path from one side of a box to the other, 100 cms. away, it will strike the 
farther side after moving over, 99 cms., whilst a sphere of 2 cms, diameter 
would needrto cover only 98 cms. If, further, ^ the two •spheres move 
i^ackwards and fpi’wards with the same velocity, it is, clear that the larger 
sphere will make the greater number of impacts p^r second. Hence, the fact 
that a molecule is of finite size moans that the number of impacts made, and 
therefore the pressure set up, is greater than if it were indefinitely small ; 
and most marked is this difference wiien the Hy)aco through which the 
molecule is roquire<l to move before impact is much reduced, as when a gas 
is subjected to a high pr(\ssure. Kvidontly, then, the actual pressure measured 
is greater thary if the molecules were indefinitely small. Van der Waals found 
that this increase in pressure was equivalent to a reduction of the volume 


Y 

available for compression^^ the ratio y where d is dependc'iit on, although 


not equal to, the space occupicMl by the molecules.^ 

The second correcting factor w^as introduced to allow f^r the fact that gas 
molecules arc not entirely without influence on one another; for although it 
is true that at ordinary pressure the attraction may be neglected, at high 
pressures it is quite appreciable. Joule and Thomson (vide infra, p. 42) 
proved in 1854 that when a liighly convin'ssed gas was allowed to expand 
into a region of low' pi'..ssuro in such a manner tliat no work was done against 
external pressure, it nevertheless ^)eca.me slightly colder than before.^ This 
phenqmeron, which was true fc^’ all gasi's examined except hyiV’ogcn (and 
heliupi and noon /nust now be included),'^ is ex])lained by the assumjition that 
at high pressures considerable attraction exists botwfen the molecules of a 
gas; oependituro of e'lergy is necessary to ovcrcoim* this attraction when 
expansion occurs, and conseipiently a cooling effect is the resfiK. At the 
centre of a mass of gas, the molecules will be attracted etpially in all directions, so 
that in effect the attractive forces neutralise one another, but near the sides of 
the containing' Vessel, the molecules must beoi the whole attracted backwards 
towards ^e centre of the mass, and for this reason, the velocity with which 
they strilTe the sides will be somewhat diminished. The observed pressure is 
therefore loss than would bo measured if the molecules werp without attrac- 
tive influence on one another. It was assumed by Van oer Waals tl^t the 
attractive fonjo between two molecule^ was pro])(v’tional to the product of 
tlyeir massHS — that is, to the sejuare of the defisity of the gas— or, in turn, .tq 


, where V is the volume 


,This factor may accordingly be written in the 

form a/V2, where a is a constant depending on the nature of the gas. If P 

^ As a jnfttter of fact, lie calciikitofi %lmt h is equal to four times the actual volume' 
occupied by >he molecules. Others give the Value 4\/2. 

® This cevdiug e^’ect \s the I^sis of the modern method of liquefying air, oxygen, etc. 

* With liydrogen, helium end neon at ordinary temperatures a slight heating effect is 
produced. 
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J’dprefiente fhe ofterved pr^^sure of a gas whose volume is V, the tru6 presBUi«|-*- 1 
, that is to say, the pressure if no aftratLion ocour^d —.would be P + a/V^ ; 

By the introduction ofc these t\vl) fjtators into -the gas equattori, tji^ 
Modified form known as van der Waals’ Eqtiation is obUincd — 

This equation expresses the behaviour of a gas over a wide range of 
temperature and pressure with much greater accuracy tlian does the ordinary, 
gas equation. ^ t 

, The DiffUfSion of Gases. — It is a common expcrionco# that heavy 
vapours, such as brouyuc, can travel u})\vards and make theiy presence known, 
if not by tlieir cornu?, bjj thoir puugent^r unpleasant odour. Early ex** 
periraenters on gases found that a mixture of two gases of different densities 
do not separate out into layers with tlie |^eavy one tinderiicaili, and Priestley ^ 
found that when two gases are carefully bronghl*togelhcr with the heavier one 
underneath, they slowly pass into a liomogeneous mixture. Dalton, in 1803/^ 
al^p found that any two of the gase.s air, nitrogen, hydrogen, oxygen, and 
carbon dioxi^lo always tnix when jiut into communication by m^ns of tubes. 

In re23 Doberciner observed that hydrogen collected in a tiask with a. 
very^UG cracki escaped into the air, and xvater ros^ into the liask, although 
no hydrogen escaped when the liask was surrounded by a cylinder of the 
same gas. 

The explanation of this phenomenon was furnished in 1832, when, on 
repeating Dobcrciner’s experiments, (Iraham found that as hydrogen escaped 
air entered the vessel. The actual law according to which this diffusion 
occurred was discovered by Graham in aseri#sof e.\perimonts| in which tubes, 
from six to fourteen inches in length, were closed at one cud by a thin porous 
plug of plaster of I’aris, filled witli gas over water, and<?.liffusion then allowed 
to proceed. After a given time, the resiuiud gas was analysed in order to 
determine ^le amount of the original gas ifunainiiig and the amount pf air 
w'hich had entered by diffusion. * • 

Graham found tllat•//^6' rate oj (hl^iii^ion of n, tjiu is i nversel i/ propoi^ional 
to tlx sqwtvfi root of i^s d’liis deduction was^laustd on the fi^lowing 

results ; — ,5 • • • • • 


Gas. 

Density. 

(Aii-^l‘.) 

1/Vrf. 

Velocity of 
^ Diffusion. 

• (Aff-1.) , 

Hydrogen . ^ . , * 

Methaiio . . * , 

OarbA ^ monoxide 

Nitrogen . . . 

. Sthylene . 

Oxygen 

Hydrogen sulpiude . . • , 

Nitrous oyde . 

Carbon dioxide , 

Sulphur dioxide 

0-06919 • 

O-.'iriO 

0- 9678 

• 0-9il."> 

, 0-978 

rio.')6 

1- 1912 

1 527 

1-6^1 

2*247 

• 

_» 

• 3*7935 

1 *337.5 

1 016.5 

• 1*0147 •* 

1*0112 

0 9510 
• 0*9162 

0-8092 

0-8087 

0-6^71 

• i 

3-83 

1-344 

1-1U9 

1*0143 

4*0191 , 

0*9487 

0^5 

0 82 

• 0*812 
j)*« 

— •_ 


^ Priestley, Observations on Air, 2 , 441. * • 

^ Dalton, J/gwi, Manchester Phil. Soe., 1815, p. 259. 

' * Graham, Phil.* Map, 1833, 2, 175. 
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' .<»,!rhe planter of Paris plug cap be ippWed by oAher porous ma'Seriol^, ipc! 
JS stucco, but-Oraham found* tlje pst dOiaterial was a plate of artifScic 
graphite, 0’*5 mm. thick. To dl)monstrate the difference in the diff'usiv 
powers of different gases, use may also be made of thin-walled cells of ul^^ 
glared porcelain. 

Investigations Were also carried out by Graham in which a metal plate 
pierced by a very fmo hole, closed the tiibG containing the gas. In thes* 
experiments the gas was forced through the aperture by a slight excess o 
pressure in the tube,' and its passage outwards under these conditions wa 
termed effusion. For any ono^gas the rate of effusicn was proportional to thi 
difference ot pressure on the two sides of the plate, and fo/ different gase 
under the same pressure conditions the rates were, likb the rates of dififusion 
inversely proportional to the square roots of the densities. 

' It may be added that the law of diffusion or effusion of gases, experiment 
ally demonstrated by Graham, caR be deduced on the basis of the kinetic 
'theory of gases. 

If a thick porous plug is used, the rate of diffusion is no longer pixipor 
tional to the square root of the gaseous density, for the friction of a’gai 
witli the sidf.s of the pores reduces its velocity. The actioh is indeed 
similar to the passage of a gas through a narrow tube, a process which ii 
called transpiration, and which concerns the passage of the gos bodily ^athei 
than with diffusion by molecular movement. 

The facts concerning the rate of diffusion of a gas have received praotica 
application in the process called atmolym, whereby the constituents of fi 
gaseous mixture can be partially separated. Thus, if electrolytic gas be 
passed slowly through a porous clay tube, so much of the hydrogen wifi 
escape by diffuftion through the walls that the gas collected from the end ol 
the tube will no longer explode. If, instead of electrolytic gas, steam be 
passed through the^hbe and heated to a white heat, it is possible to demon- 
strate that a partialdissociafcion occurs by the fact that the steam jssuiug is 
mixed Nvbth an excess of oxygen! Similarly, the products of the Missociation 
of arnmoniinn chloride may be partially separated, ,or again, argon can be 
concentrated in its mixture with nitrogen. As a practical means of purifying 
gai^es, 'howeyer, the prbeess of atmolysis is of little use. 


Vapour Tension and Boiling-Point of a Liquid. 

Every liq.’iid exliibits a tendency to evaporate or pass into a state of 
vapour. “If a liquid is sealed in a tube from which air has been removed, 
evaporation will occur unti*, for sny one temperature, a state of equilibrium 
is reached between the vapour escaping and that re entering thff .liquid. 
In this condition^^the pressure which the vapour exerts, called its vap^QUr 
prmure, counterbalances aild is therefore e^ual to the vapour tensioUitOp 
tendency of the liquid to evaporate. Tlie vapour tension and vapour pressure 
increase ‘with rise of temperature, and in order thkt the actual value of the 
.vftpour tension may be measured liquid must be present as , such. Since 
under tjiese c<j nditions the vapour pressure is a measure of vapour tension^- 
the twoote^'ras are often employed tediscriminately. 

Two methods are available for the determination of vapour tensions 

^ 0 ^ " 4 ' 

* Oruhain, Phil. Tram., 1868, IS3» 885. 
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^-calkd itaiical method which tho depression of the 

ccdumh caused by evaporating li(juld liboye tho mercury is measured. ' f ^ i 
(2) The dynamical me!rh^, which coSsists in causing the fiquifi to toil' 
under a definite pressure and measuring tho boiling-point by « immeVeiiSg‘,a», 
thermometer in the vapourd ,, • 

On plotting the vapour tension against the temperature, a curve of th^ 
general form indicated in fig. .t is obtained. Its lower limit is normally thte ' 
melting-point of the solid (or rather tho triple-point), but since A liquW cati, 
be supercooled, the vapour tension curve can be extended below the meltiug*- 
point ; the upper limit is the critical temper^cure {vi(fe infra, p.^38). 



Temperature ^ 


, Fro. 3, —General fonn of vapour tension curve. 


The following figures 2 represent tho japour tension (in millimetres 
meroury) of water at various temperatures. • 

*C. mm. “C. mm. “U. mm. “0, min. 

^20 OMO U 12 728 j ^0 , 526*00 ^50 29.961 

“10 2^59 20 17*406 ' 100* 760*00 • 300 67,62C 

0 4^70 *25 23*646 120 1, 503*00* ^ 350 * 1^6 924 

5 0'628 50 92*17 150 3,578*00 • 360 14i,’86(5 

8'179 n 289*32 200 11,625*00 364 3 147,904 

The above curve is not only tho vapour tebsiou ctii’ve,»but also, W 
be evident from the dynamical method of measuring vapour tensioni^ tl 
curve indicating the relationship between boiling-point and pressure. F 
the boiling-point of a liquid is defined as the highest tempei^ture attainab 
by a liquid under a given pressure of its own vapour, when teat is applh 
externally and evaporation occurs freely from the surface. Tlius^from tl 
above table, tho boiling-point of water at* 760 jnm. pressure is 100* 0„ j 
1503 pim. 120“* and at 92*17 mm., 50". 

ESi'Cept in special casgs, such as in molecular weight determinations, tl 
temperature of tho^wapour isAing fifim a boilifig liquid %d not that of tl 
liquid itself is measured. Whbn the latter is required, two mothais, namll 
those of Beckmann and iluchanan (the latter as used in the Landsberge 
Samurai apparatus), are available. In the former process, the source of 
isexterual (usually a gas flame), andesuperheating and boiling witl^bumphi^ 


^ ^he practical details of these methods see, for examp^, Ostwal!! and Luther, 
rnyt^^cfi^ische Mmmgen (3rd edition, Leipzig, 1910). •The* two iflethod!#are found to 
TO identiQ^d rwiilts (see Meiizies, J. Anur, (7/«wt. Soc., 191§, 32 , 1615), ' ‘ ' 

^ -y . Physikalisch-chemisclie Tabellcn, Berlin, 1912, 
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aree liable to occur. To eliminate superheating, •pieces of graifite,* porous 
porcelain or, best of all, platinur^ tfetrabedra are added. Whatever the 
metho(f of Keating, however, a buW)le*of vapour*formed at the bottom of a 
mass of liquid is under a pressure not only of the vapour, but of the liquid 
column also, t?o,that when boiling occurs, the temperature at th3 bottom will 
be slightly greater 'than that of the surface layer. ^ 

The boiling-point of a liquid is therefore generally registered by immers- 
ing 'the thermometer, witli its bulb surrounded by some material, such as 
cotton- wool, which has a large surface, in the vapour arising from the freely 
boiling liquid. A constant teibperature is registered when the rate of con- 
densation of vapour on the cotton e(pials that of evaporation.^' 

Neither air ifbr any other vapour must be present,^ foa the pressure exerted 
would then be due in part only to tlie vapour frorti the liquid under examina- 
tion, and too low a boiling-point would be registered. 

At high temperatures, boiling-point determinations are effected by 
measuring, either by plathium resistance thermometers, or by optical 
pyrometers,^ the temperatures at which vigorous ebullition of the liquids 
occurs. In tlreen wood’s measurements of the boiling-points of metals, the 
latter were htated, either in a carbon tube crucible or in ond* of (ijraphite 
lined with magnesia, by an electrical resistance furnace, and wdien vigorous 
ebullition occurred the* temperature was noted by an optical pyroVneter 
directed against the bottom of the crucible. 

Besides being dependent on the pressure, the boiling-point of a liquid is 
altered by the presence of a second substance, and hence, affords a valuable 
ndicatioii of the purity of the Ihjuid. The nature of this cliaugo of boiling- 
point can be deduced h'om the discussion of the vapour pressure of mixtures 
given in Chap, HI. ^ 


THE B,OILING-POINTS OF THE ELEMENTS. 


'lilemont. 

Boiling-Point. 

Pressure. 

Auth(?;’ity and Rofeveiico. 

■ Cl 


mni. 


Helium 

-208-7 

760 

On UPS, Pi oc. K. A had. U''etensch. 
AmsL, 1908,11, 168; 1911, 13, 1093. 

Hydixigen . , . 

- 252-78 

760 

Travers, Sentei, and Jaquerod, Phil. 
Tram., 1903, A, 200, 105. 

Nitrogep. . ■* . 

-195-67 

760 

K. T. Fischer and Alt, Ann. Physik, 
1903, (4), p, 1149. 

Krypton 

-15T^ 

, 760 

Ramsay asd Travers, Phil. Tram., 

1901, A, 197, 47* * . ' 

Neon . 

1 - 240 approx. 

760 

Travera, Senter, and Jaquerod, Zp'j. cit. 

Tluorine 

U -187 ^ 

760 

Moissan a.id Dewar, Compt rerut,, 1897, 

;; ___ 

! ^ 


ri4, 1202 ; 1903, 136, 786. 


* See the Karl of Berkeley and Ai)|»l< 3 hy, Proc. Hoy. Sor.., 1911, A, 85, 477. • 

® For details ^boiling-point measurements, see Kamaay and Young, Phil Trans. ^ 1884, 
‘ 175 , 87 ;^O^wald and Luther, Pht^siko-^cmischc MeSsungen (Leipzig, 3rd editionj^910)ii 
also Travers, Sentor, and Jaquerod, P/til. Trans. ^ 1903, A, 200 , 105 ; Sumorfopoulu8,'iVoc. 
Soe., 1008, A, 8i,r3^9. 

• See D.'^Bertheiot, Compt.'^rrnd,, 1896, I20, 831 ; 1898, 126, 410; 1902, 706 (I’Oy 

W imd Se); F4ry, Ann. Cfiim. Pfiys., 1903, [vii.l, 428 (for Zn and Cu); GrednvKtod,^ 

Hoy. Soc., 1909, A, 82 , 396 ; ibid., 1910, A, 83 , 468. 
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•rpte^eSlLING-BOmTS of. the ELEMENTS~«>n<ini«i. p 


, Elements. 

Boiling-Po?nt. 

Press nfb. 


*C. 

mm. 

Argon . 

-186-1 

760 

Oxygen, 

■ 182-9 

760 

Xenon . 

-109 

760 

Chlorine 

- 33-7 

760 

Bromine . *. . 

58-7 

760 

Iodine , 

• %181*35 

760 

Phosphorus . 

279-5 

760 

Mercury 

356-7 

760 

Sulphur.f . 

444-7 

760 

Arsenic 

Sublimes. 


Caesium 

670 

760 

Seloniuin 

• 690 

760 

Rubidium , 

696 ^ 

; 760 

Potassium . 

762 2 

760 

Cadmium 

76.5-9 

760 

Sodium 

882 9 

760 

Zinc . 

90;5-7 

760 

Magnesium , 

1120 

760 

p 



Thallium , 

1515 



• 


Tellurium . 

less than 1390 



• 


Lithium 

above 1400 


Bismuth 

14-20 

1 atmos. 

Antimony . 

1440 


Lead . 

1525 


Aluminium . 

1800 


Mangano.so . 

1900 


Silver . 

1955 


Chromium . 

2290 


Tin r 

2270 


Copupr 

2310 


Nickel* . . 

234C , 

80 ii^m. 

Cobalt 

2416 • 


Iron . 

2460, 

1 atmos. 

• 




Aiithority and Refi'nMU'o. 


Ramsay and Travers, loc. tit. 

Tiavors, Sentar, and Jaquerod, /tx*. tii> 

llnniNiy and Travers, loc. til, * 

•htlmsoii and M Tntosh, J. Amcr. Cktm. 

1901), 31 , li:58. 

Ramsay and Young, 7'raim. Chem, 

1886, 49 , 153. ^ 

Jolibois, Thist, Paris, 1910 ; Oompt. 
rend.. 1910, 151 , 383. * 

Jieycock and Ijjimplough, Five. Chem, 
Soc 9 ^ 1912, 28 , 3. 

Chapituis and Jiarkor, Phil. Tram., 
1900, A, 194 , 37 : Chappuia, Phil, 
Mag., 1902, (vi,), 3 , 243; Kumorfo- 
l)oulus, Proc. Roy. 1908, A, 81 , 
339 ; Callendar and Moss, i6Mi.,1909, 
A, 83 , 106 ; Waidner and Burgess, 
Bure(iu%tmd. IPanhingfon, 1907,3, 
3, 346, 

Ruffand Johannsen, Her., 1906, 38 , 3601. 

D. Berthclot, Comp, rend,, 1902, 134 , 
706. 

Rud’and .loliannscn, loc. cit. 

Weycock and [.am])l(i|igli, lor. cif. 


Greenwood, Frgc. Roy. Roc., 1909, A, 
•82, 396 ; 1910, A, 83, 483 ^ , 

Isaac and TamimJlin, Zcitsch. anorg. 

Chem., 1907, 55 , 6 ?!. * 

Deville and Troost, Compt. rend., 1863, 

56, m . * / 

Rutl and Johannsen, Toe. cit. 

Greenwood, loc, tit. 


Ruir and anorg. Chem,, 

19f4, 88, 410. 

Riill'and Borman, ibid., I 9 T 4 , 88, 386? 
Greenwood, loc, cit. ; Ridf an^ Borman, 
ofius cit,, p. 259. 


rhodium, 
»8600 


following boiling-points are very uncertain ; gluclnum (beryllium), >1900; platlnuio, 2460: 
raium, 26U0; ruthenium, 2520 , gold, 2530; pallauniin, 2540 ; IHdium, 2560 ; molyDfenum. 3200 : sllifloh. 
K); boron, 8500; tui^sten, 3700. * , 

Critical* Phenomena. ^ % 

All gases, when submitted to pressure and cooled slifficiftitly, ftre reduced 
to^the liquid state. Of the two factors involved, ‘namely, temperature and 
pressure, the former is by far the more important, since it is possible to 
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liquerfy a^gasae ordinary atmospheric pressure by lowering Its tefiipwatur^ 
, sufficiently. Thus, at the temperature ^of boiling hydrogen, all gases except 
helium pass into either the liquid er the solid state. On the other hand, it 
is seldom that a pressure as great as 100 atmospheres is required to effect* 
liquefaction, ^l^o uselessness of very high pressures is due to the fact that 
for each gas there is-a temperah'iro above which it cannot be liquefied. This 
temperature is called the a'itical temperature (T,) of the gas. Tho pressure 
necessary to effect liquefaction at this temperature is termed the critical- 
premire (P,) ; it is the highest pressure ever required to effect the liquefaction, 
Few critical pressures exceed IW atmospheres (see table on p. 131). Before 
tW existened of the critical temperature was known, howeVer, pressures 
enormously in excf/ss of this were tried, Nattorcr ^ applying pressures as great 

as 3000 atmo;^)here8, but without suc- 
ceeding in liquefying hydrogen, nitrogen, 
orygen, and carbon monoxide, even at tho 
toniperaturo of the solid carbon dioxide- 
ether mixture (p. 39). 

The existence of the critical tempera- 
ture was first noticed for eChor^and a 
number of other volatile liquids by 
Cagniard de la Tour in 182^2 8%ni- 

ficjince of his results was not appreciated 
at tho time. Later, Faraday seems to 
have recognised in tha “Cagniard de la 
Tour Temperature” of a substance the 
superior limit to its existence in the liquid 
^ state ; but it was the classic work of 
Andrews,® commenced in 1861, which 
yeally led to the discovery of the critical 
temperature and of tho connection be- 
tween the liquid and gaseous stfttes. 

Andrews described his experimental 
results in the following words: “On 
• Volume ^ ' partially liqitefyiiig ' carbonic acid (6ar- 

Fio 4.— Andrews’ curves for carbon bon dioxide) by pressure 'alone, and 

‘ dioxide. gradually raising at the same time the 

■( ^ temperature to 88“ F., or SIT” C., the 

surface of demarcation between the liquid and g!as became fainter, lost its curva- 
ture,^ and /'t las'o disappeared. The space w'as then occupied by a homogeneous 
fluid; which exhibited, when the pressure was suddenly diminished or the 
temperature slightly lowered,' a peouliar appearance of mo\ing or flickering 
stri® throughout its entire mass. At temperatures above 88* F. no apparent 
liquefaction of carborio acid, o^ separatiop into two (Jistinct forms, of rfiatter, 

^ coqld be effected, even when a pressure of 300 or 400 atmospheres was applied; 
Nitrous oxide gave analogous results.” ^ 

The isothermal curves for carbon dioxide, as determined by Andrews, %re ^ 
showi^ in fig. 4. Each curve at temperatures below SIT* C. is rmt'de up of 

^ Nattewr,'" ytrakt. Chem,, 1844, 31 , 374; 1845, 35 , 169; 1862, 56 , 127; Pm. 
Annedeu, 1844 ^/ 62 , 182 ;4866, 94 , 436. 

■ ^ Gagniari'do la ^our, Ami aChim. Phys., 1822, 21 , 127 ; 1823, 22 , 410. 

“'Airfrewa, Phil. Travs., 1369, 159 (ii.), 676 ; 1876, 166 (ii.), 421. 

' VMiller, Clumical Physics (Longmans & Co.), Srd edition (1863), p. 328. 
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, , '■• t* ” <u* 

ihriee p<ar<4 the middle {y)rtion beinj: horizontal, and aii .clmng# 0f 

.^rAdient occurs on pacing from ,the K irizontol j)art to the other portion* d! 
the isothermal.' , Their significance l^f^y*ho explained with refefenc<f to the 
iSothermal for 21*5* 0. . The portion AB represents the compression of vaponr, 
(A gaseoils substance is called a vapour when its temperature is below its 
critical tempemture.) At B li(|uefaction eomnynoes ; the volume diminishes 
as liquefaction progresses, hut iJiio pressure reuiaius constant and equal to the 
vapour pressure of liquid carbon dioxide at 2 15* C. At 0 li<piefactign is 
complete, and the portion Cl) represents the c<»mpression of li(piid carbon 
dioxide. 

The horizoittal portion diminishes with rise of temperature, anti at 31*1* 
the critical tcmpcratui|g, it dwindles to nothing, lapnd and saturated vapour 
at the critical pressure havtng the same specific volume. The isothermala at 
temperatures above 31*1° C. oxhibit-no abrupt change of gradient, and no 
portion of them corresponds with an equilibrium between li(pnd and vapour; 
at these temperatures all visible distinction bei^veon the liquid and gaseous 
fjtates lias disappeared. 

• The critical phenomena, so carefully observed by Andrews in the cases of 
carbon ^ioxWe and nitrous oxide, may be observed with all snl)sta)ices which 
can be obtained as gases and liquids. 

A numbertif critical constants are given in the table, p. 131.2 


Liquefaction of Cases.^ 

The first gas to be reduced to the liejuid state was sulphur dioxide, which 
was liquefied by Monge and Clouet.' In 18^5-6 Northmore liquefied chlorine, . 
hydrogen cliloride, and sidphur dioxide by compression.’' TlRi first systepaatic 
investigation on the liquefaction of gases is due to Figwiday,*^ who sealed up 
the materials necessary to prepare the gastin one limb ot*a boeit tube, oooleq 
the other Urnb in a freezing mixture of ice, and salt, a*id generated the gas 
within the closed tube by mixing and warming the«matgrials. fjneter the 
combined influence of^cold and pressure a number of gases wore liquefied, ^ 
including sulphur dioxide, hydrogen sulphide, euchloriiie, ^cyanogen, anmioni% 
carbon dioxide, and nitrouS oxide. The method *wiis ralhgr daflgefOUs, 
frequent explosions occurring in the experiments on the last two gases. 

Thilorier, in 1834, prepared liquid carhou dioxide on a large scale, u^ng a 
wrought-iron apparatus and employing Faraday’s method oLobtaining high « 
pressures.’^ He also solidified carbon dioxide, and discovered that when this 
solid was mixed with ether, an extremely convenient cooliujf medium 
(Thilorier’s Mixture) was obtained. 


^ !!lndrew 8 did not obtain accurately horizontal parts to his i.sothermals ; the prciauro * 
increased slightly as ♦^ho volume l^s dinikiished, aiu^the al ra os vertical portions of th* 
chrves did not start abruptly. Thi| he correctly attributed to the presence of*a trace of, air 
in the carbon dioxide. 

‘ * If OP methods of determination see Young, StoieJmomefry (Longmans & Co,>, 1908. , 

See also Hardin, Rise and Development of the Liquefaction of Gases (Macmillan & 

1899 } Ewing, The Mechanical Frodwtionx Culd (Camb. Univ. Press), J1908 ; and Clapde, 
T^uid Air, Oxygen, and Nitrogen, translated by Cottrell (Churchill k Co ), 1943. 

' Fourcroy, Ry Mimes des connaissancesfhimiques, ftOO, vol, ii. p. 74, * . , 

■ * Nofthmore, Nicholson's Journal, 1806, I2, 868 ; 1806, 13 , 233 ; Alemb»Club Reprints^ 
12, p. 69 (Clay, 1896). • * * ' t 

• Faraday, Phil. Trans., 1823^1X3, 189; Alembic Club Hepnnls, No. 12, p. 10% 

J>n7, Hhim. PhiiH. 18.35- 6o. 427. 432: Annalen, 1839, 30 , 122. 
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Faraday resnniefl his work on tho^ liqTicfactioi> of gases in P34ft.* He 
applied pressure by mcairt^ of two 'air-puuipS, and availed himself of 
“ Thilorter’s ‘Mixture ” in order to«al}tain low tenTperaturos. . By evaporating 
thi» liquid under reduced pressure*-^ Faraday reached a temperature of 
- IIO" C., rnoasured by an alcohol thermometer, and succeeded in liquefying 
ethylene, silicon fluoride, pho^jhine and boron trifluorido, and solidifying 
hydrogen bromide, hydrogen iodide, ouchlorii7e, cyanogen, ammonia, sulphur 
dioxide, hydrogen sulphide, and nitrous oxide. He was unable to liquefy 
hydrogen, nitrogen, oxygen, nitric oxide, or carbon monoxide, and these gases 
came to bo known as the “{)ern^anent gases.” * 

r Natterer’S unsuccessful attempts to liquefy the “permanent gases” have 
already been mentioned. Success in this direction was^firitt achieved in 1877, 
almost simultaneously, by Cailletet in France and Bictet in Switzerland. 

® Pictet^ reached a temperature below the critical point for oxygen by 
judiciously applying the methods * that had boon previously employed. 
Liquid sulphur dioxide, boilinfj under reduced pressure at - 65“ C., was used 
to liquefy carbon dioxide at a pressure of 4 to 6 atmospheres. This liquid 
in its turn was boiled under reduced pressure, and temperatures varyiilg 
from - 120“ tot - 140“ C. were thereby obtained. The litpiid cai^)on dioxide 
cooled the highly compressed oxygen, which condensed to the liquid state. 
To this “ cascade ” method of attaining low temperatures, Picl'et added the 
method of continuous cooling ; for each of the auxiliary gases, sulphur 
dioxide, and carbon dioxide, underwent a continuous cycle of changes, being 
litpiefied, evaporated under reduced pressure, reliquefied, » and so on. The 
cryogenic laboratories at the Royal Institution, London, and at Ijeyden, are 
equipped with low - temperatui'e plant in which the cascade principle 
ia adopted. ' 

Cailletet ‘‘ introduced the method of adiabatic expansion with the 
performance o^ exte.'nal work. sudden, adiabatic, expansion of a gas 

against an external pressure causes external work to be performed by the 
gas, which accordingly .suffers a Uiminution in its internal energy^ and falls 
in tequperature. .The lowering of temperature obtained in this way may 
‘bo very great. Cailletet compressed the gas in a papillary glass tqbe 
confinedf over incrciirv to several hundred atmoffpheres pressures, cooled the 
gas io about O’ to -20“ C., and then suddenly released the pressure. In 
this W'ay ho succeeded in li(juefying acetylene, nitric oxide, metliane, oxygen, 
carbon monoxide, air, and nitrogen (the first two gases yielded to cold and 
pressure alone, ^i^'ithoiit any necessity for expansion), and obbiined indications 
of the liqiy^factlon of hydrogen.^ 

The process, as carried out by Cailletet, was of no use commercially, 
and it was not until 1905 that the' method of cooling by adii'Batic expapsion 
was successfully worked on a largo scale. The method employed Con- 
sists in dividing a »^upply of, gas, compres8e()^- to about. 50 atmospheres, 
intp two par^s and expanding one suddenly iu a cylhidor fitted with a piston,* 
^ thereby performing external work and lowering the, temperature of the gas 


^ Faraday, PAiL Trans., 1845, 135 , 155 ; Ahmhic Clnh Reprints, No. 12 , p. S3. 

, ‘ ® This method of obtaining low temperat^ires was first used by Bussy {Ann. Chim. Phys.^ 
1824, 26 , 63J. ‘ • • 

» Pictet, CMpt. rend.,cmi, 85 , 1214 ; Ann Chim. Phtjs., 1878, {v.), 13 , 146., 

< Cailletet,'.CoM/;^'^r«u/.l; 18f7, 85 , 851, 1016, 1213, 1270; Ann. Chm.. Phys., 187^ 
(V.), 132. 

® wlletet, Compt. rend., 1877, 85 , 1270. 
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below Rs point, fflie cold exnanded gas is then utilised in ooifling 

the other portion of gas, which Uqueftes, at the. pressure employed, and the 
process is carried on in a ct)ntinuous wiarffior.^ The difficulty ot lubrication 
was largely responsible for the failure of previous attempts lo carry out this 
process commercially. The lubricant employed by Clause* is petroleum 
ether, which does not solidify, but only Incomes viscous at such low 
temperatures as - 140“ to ^ 1(50“ C. This procedure for obtaining low 
temperatures is conveniently combined with the Linde process for lique4’ying 
gases, to be described later. 

Caillctet prepared kirge (piautitios of liifuid ethylene, which he recom- 
mended as a -v^aluablo refrigerant, and, employing this liquid, tioiling undw 
reduced pressure, a cooling bath, he succeeded in •obtaining liquid 
methane and oxygen as static li(piids.2 The emjiloyment of the same cooling 
medium by AVroblewski and Olszewski led to the producrion of liquid oxygeti, 
carbon monoxide, and nitrogen in the tftatic form,-^ and subse([uently to the 
production of considerable quaiitities of these*liquids, and the solidification 
of nitrogen and carbon monoxide, temperatures as low as ~ ‘200“ 0. being 
r^chod. The rapid evaporation of liquid ethylene in vaaw leads to a 
tempenaturfi of - 152“ C.'* The utility of liquid ethylene as a*rcfrigeraiit was 
also recognised by Dewar, ^ who prepared liquid air and oxygen in large 
quantities by tts aid. * 

The modern process, by which liquid air, oxygen, etc., may be obtained 
in large quantities, requires the use of no auxiliary refrigerant; it may be 
called the method •of “self-intensive refrigeration,’’ and' was brought forward 
almost simultaneously by Linde and liampsonMn 1806, In this method, 
the gas to be liquefied is continuously supplied at a high, constant pressure 
to a long, closely wound, vertical, copper spiral tube, and t<!lowed to expand 
through a valve attached to the base of the coil. ^♦Tho gas escapes, and 
passes up at a low, uniform pressure, thrvugli the spaeePbetwien the exterior 
of the coil and its metallic casing. Eacli portion *f gas that expands 
through file valve undergoes a diininution in temperaUire, ancl* the cold 
gas is utilised in lo^veriug the initial tempeniture of tiM} portion •f gas 
next to bo expanded, the cooling effect is intensified, jin til at length' the 
gas liquefies. 

In the ol’diiiary Hampsoii air-liquetier (fig. 5) the air at A, carefully freed 
from carbon dioxide and moisture, is rkdivered into the coil at 150 to* 200 
atmospheres pressure, and allowed to expand at the iiozzl^ D down to a 


^ Claude, Compt. rend., lj) 00 , 131 , 500 ; 1902, 134 , 15G8 ; 1905, 141 , 702, 823 ; see also 
Mathias, Revue geu^rale des Sciences, 15tli Sept 1 W) 7 . • 

8 Cailletet, C'^mpt. rend., 1882, 94 , 1224 ; 18S3, 97 , 1115; 1884, 98 , 1505 ; 1886, 100 , 
1033 ; Ann. Chim. Rhys., 1883, (v. ), 29 , 153. 

* Wroblewski and Olszewski, J%nifUsh.f 4 , ^15; Gompifrend., 1883, 96 , 1140, 

•1^26; Witd. Annalen, '^,'2AR. • • 

* Wroblewski, Compt. rend., 1883, 97 , 180, 309, 1553, 1884, 98 , 149, 304, 982 ; 99 , 

186 ; 1886, lOO, 979 ; 1880, 1o2, 1010; Wied. An^alcn, 1883, 20,860; 18J?6, 25 , 371 ; 
26,184; 1886, 29 , 428 ; Olszewski, , 1884, 5 , 124, 127; 1886, 7, 371 ; 1887, 8 , 

69; Phil. Mag., 1895, (v.), 39 , 188; 40 , 202; and Compt. rc7ul., 1884,^3, 366, 913 ; M, 

» 188, 184, 706 ; 1885, 100 , 350, 940 ; lOl, 238. , , • . * 

» Dewar, Proc. may. Inst., 1886, p. 550 ; cf. 76u7.,1884, p. 148 ; Phil. Mag.', 1884, (y.), 
18 , 210 . • , • 

* Linde, The Engineer, 4th Oct. 1896 ; Soc. of Arts p. ; Ei^, Pal., 1896, 

Ifo. 12,628 ; Linde, Wied. Annalgi, 1896, (ii.), 57> ^28 ; B^r., 1899, 32 , 926. 

^ Hampson, J. Soc. Chem. hul., 1898, 17 , 411 ; F/ng. Pat., 1895, No. 10,165. 
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lireswre.only a trifle in excess of tliat of the almo^phere; aDouu ypei- cent 
^of the air passing through the apparatuS is liquefied, and about a litre and * 
‘ half of lK|uid air may be obtained A* aij hour. The liquid cbllects in E, atic 
is wthdrawn by unscrewing the hollow spindle F(^. Owing to the different 
in the boiling-points of oxygen and nitrogen, the liquid air is considerably 
richer in the former element th§n ordinary atmospheric air. 

The cooling eft'ect produced in the machines of Linde and Hampson is nol 
duo t^ a diminution in the internal energy of the gas caused by its perform 
ing external work against the atmospheric pressure, and must therefore b( 
clearly difftinguished from that utilised by Cailletet. «rhe fall in temperature 
is»the result 'of internal work performed in separating the gas moleculei 
farther from oneAxnother, thereby overcoming the for^j^ of attraction thal 
operate between them (vide supra^ p. 32). This 
thermal effect was first studied by Joule and Thomsem. 
It is quite small, amounting, in the casQ of air at th( 
f ordinary temperature, to only 0*255° C. for a fall ir 
pressure of one atmosphere. It increases, however, af 
the pressure drop is increased and also as the initia 
temperature is lowered, and this circumstaitce \^s pul 
to practical advantage by Linde and Hampson. 

' ^fhe application of this method to th% liquefadior 
of hydrogen at first sight seems out of the question 
since a slight rise in temperature occurs with this gas 
{vide supra, p. 29). If, however, tl^o initial tempera 
Lure of the gas be sufficiently reduced, hydroger 
behaves like the other gases, and in 1898 Dewar,^ b} 
r{ applying thb method to hydrogen previously coolec 
^ith liquid air, succeeded in obtaining liquid hydrogen 
* riydrogen liqjiefiers have been subsequently described 
,by Travers ^ and Olszewski;^ the “inversion tempera 
tpre” of hydrogen, below which it is coolefi by fret 
expansion, is - 80*5’ C.® 

Helium proved even more difficult to licpiefy that 
hydrogen, but its liquefaction wfis at length accom 
plished by Kamerlingh Onnes by the self^nlonsifying 
process, after initially cooling the gas to the temperature 

Fio. {).— Hampson of liquid hydrogen.** 

liqiiefier. ^ Liquid air and similar volatile liqtiids are usually 

f ‘ collected and preserved in the vacuum flasks introduced 
by Dewar. These are double-walled glass vessels, the space between th( 
walls being completely evacmled, and the contained liquid thereby vacuum 
jacketed. The heat conveyed by radiation across the vacuous space tT>, the 
liquid is only about ^pne-sixth ^of that wj^ich w^ukKeach the liquid by con 
dujtion and*convection in the absence of the vqjiuuip jacket ; and this can b< 
_ . . „ __ 

1 Joule and Thomson, I'hil Trims.. IS.'ia. 143 , 357 ; 1854, 144 , 321 ; 1862, i| 2 , 579* 
Dewar, CTiem. Neirs, 1900, 81 , 186. v ■ 

» y Travel!*, Ma</., 1901, (vi.), i, 411 ; T/te Study of Gases (Macmillan k Co., 1901), 

* Olszei^skt, Bull. Acad. Sci. Cratow, ft02, p, 619 ; 1903, p. 241. • 

* Olszewski* Phil 1902,. (vi.), 3 , 535; cf. Bull, Acad. Sci. Cracoio. 1906 

, 792. t 

* Kamerlingh Onnes, Contpt. rend,, 1908, 147 , 421 ; Proc. K. Akad. 

1908, ii, 168 ; see ^Iso Nature, 1908, 78 , 3(0, 
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tJiminia^edHo aESut one- tjjirtieth part if the interior of the jacket is silvi^, 
The latter procedure, however, is iirtpracticable if for any purpose it ia 
necessary to observe the centent’s of^hSeflask.* 

Properties op Solids.^ 

• 

Melting-Point and its Determination.— Tlie familiar phenomenon 
of the passage of a crystalline substance from the solid into the liquid ^tate 
occurs at a definite temperature known as the melting point. More accurately ■ 
defined, the melting-point is the temperaturS at which the solid and liquid 
phases can cxiflt in equilibrium under a given pressure. The etleCt of pressuie 
in altering the mehinV-point is very small, as will be seen* by the following 
examples, and further, inci^ase of pressure may bring about either a rise or 
a fall in the melting-point, according as the substance expands on liqnefactiAi 
or contracts. 


Water (Ice).’*^ 

Carbon Dioxide.^ 

Pliosplio 

ms.* 

• 

Melting- 

Point,* 

Pi'cssiiro. 

Melting- 

Point. 

ProHsurc. 

Melting- 

•Point. 

■ 

Pressun', 

*C. 

Atmos. 

“C. 

Atmos. 

1 

•c. 

Atmos. • 

0 

. • 1 

-56-7 

5-1 

44*10 j 

1 

- 2*6 

336 

47-4 

500 

45*50 

50 

- 5 

615 

-380 

1000 

47*00 

100 

-10 

1165 

-20-5 

2000 

48*45 w 

150 

-16 

1625 

- 4*0 

3600 

49-85 

200 

-20 

2042 

-1-10*5 

4000 

*L. 

5^80 

• • 

300 

i 


The mfijority of substances have tlieir nlblting-poiqts raised by ^n increase 
of pressure. •, ^ ^ 

Melting-points as usually tabulated indicate the transition temperatures ’ 
from the solid to the liquid state at atmospheric prcssuiti. The acewspany- 
ing table riscords the melting-points of the elements.* Fof siilts, the tem- 
peratures recorded by various investigators often vary considerably, aiKi no 
examples are included in the table. ^ 

Various processes are available for the determination of%fiel ting-points. 
The first which may bo mentioned depends on finding the freezi\jg-point of 
the liquid, for when certain ])recautions are taken the freezing-point and 
melting-point are identical. The precautiens aiii due to the fact that when a 
liquiiT is sjowly cooled without agitation, or even, in some cases, when slowly 
apd regularly stirred, the temperature falls below t^e melting-point, or, 

• normal freezing-point, and th^liqnm becomes supercooled. This^upercooled 
condition can be removed by the addition of a trace of the solid phaao (a’ 

^ • • » ^ ' 

* For distinction between “ amorphous ” and “ cryHtalline ” solids, see p. 47. 

. ” * Tammann, .i4nn. PAysfA:, 1900, [iv.],%, 6. • 

* Yillard and ^rry, Compt. r&nd., 1896, ito, 1413 ; Tarnmann, ytvm. 

68 , 633 . 

■ * Httlett, l^eitsch. physikal. Ghent., 1899, 28 , 666 , 

- * 8 e« Hiittner and Tarnmann, Zeitsch. anotg. Chem., ijiu;), 43, zio ; wnue, J. 

: Sci.i 1909 , [iv,], 28 . 458 and 474. • 
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minute amount of ioe if the liquid is water) or by tke production 8f the solid 
phase by agitatin'^ tlie liquifl. Both tfteso .methods aro followed in practice, 
the lattc'r tile more fre(|iiently. Who#i crystals *0000 appear in the liquid^ 
fre«iing rapidly takes place and tho temperature, provided the degree of 
supercooling wa^ only small, rises rapidly to the equilibrium temperature of 
the solid-liquid mixture, that# is, to the melting-point. The Beckmann 
apparatus is very suitable for the purpose of the determination (see p. 145). 

Anotlicr accurate process (loTisists in surrounding the bulb of a thermo- 
meter with the finely divided material in a wide tube and raising the 
temperature slowly by means of a bath maintained {ft a point only slightly 
liigher than Ifne contents of tho tube, until melting has begun. ’ The mixture 
of liquid and solW is stirred thoroughly, though not Rapidly, the constant 
temperature registered being the melting-point. * 

* For substances of high melting-point, such as metals, a variety of methods 
has been adopted : — 

1. The substance is heateef to its point of fusion in a crucible or porcelain 

tube, a current of hydrogen or of some inert gas being passed over 
the surface of tho metal, and the temperature noted by inserting 
the pFjtected ends of a thermo couple ; ^ •' # 

2. The substance is inserted in the form of a wire into the thermo-element, 
" and its tempertiture raised until fusion occurs arfU breaks* tho 

circuit;*'^ or 

3. The metal wire forms part of a circuit and is heated up in a porcelain 

tube together with tlie bulb of an air thermometer, the temperature 
beitig noted when fusion breaks the electric circuit.^ 


TH^ MELTING-POINTS OF THE ELEMENTS. 


Substance, * 

• ^ 

Melting-Point, 

• *■ 

* Authority and Reference. 

9 

% 

Helium . 

below -270 

Onnes, Proc K. Acad* Wetenach, Aynuterdam, 

'<k 


1909, 12 , 175.#. * 

Hydrogen .*■ « . 

' -2.68-9' 

Travers, Senter, and Ja(pi«i’od, PJuk Trans., 
1903, A, 200 , 170. 

NeoA . 

- 263 ? 


Fluorine . 

- 223 

Moissan and Dewar, Compt. rend., 1903, 136 , 641. 

Oxygen . . , 

-218-4 

Onnes and Cibmiuelin, Proc. K. Akad ITetensch. 


Amsterdam, 1911, 14 , 163. 

#' ' 

-219 

Dewar, Proc. h’oy, i\oc., 1911, A, 85 , 689. 

Nitrogen 

-210-5 

K. T. Fischer and Alt, /Inn, Physik, 1903, [iv.], 9 , 

1 • 

’ 1149 ; Sitzungsber. Akad. Miint^cn, 1902, p. 209. 

Argon 

! -189-6 

Olszewski, Phil. Trans., 189.6, A, 186 , 253, 

Ramsay and Travers, tpA/7. Trans., 1901, 197, 87. 
Rarnsa/ and TaJivers, loc. citf. 

Krypton . 

: • 169 

Xenon . 

-140 ♦ 

OVlorine , . 

-102 

Olszewski, Mointsh.) 1884, 5 , 127. * 

Gray and Ramsay, Trans. (Jhem. Soc., 1909, 95 , 

Niton 

- 71 

‘ 

f 

1073. 

Mercury . 

- 38-86 

Vicentiniand Oinodei, Atti. Acc. 7bnno, 4887,23* 

Bromine . • # ■ 

- 7-3 j 

Van deiPIaats, Rec. Trav. Chim., 1886, 5» 347. 




-_® . ^ ^ .. t- _ 


^ Holborn ffud Day, 4 ^ 71 . Physifr^ 1900, [iv.], 2, 505. 

* HolbornfanU loc. *cit. c 

• Jaquorod and Perrot, Ar<^i. Sci. phys. mt., 1906, ^v.], 20, 28, 128, 606 ; for other 
proceeses see references given in table to H. von W^artenberg, and G. K. Burgess. 
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• 

% • • 

Substance. 

Melting-Point, i 

Authority and Reference. ^ 

Cfpsium . 

28-25 

• * 

Rengade, HuV. Sor. chnn., 1909, (iv. ), 5 , 994. 

Gallium . 

30 -in* 

Lecoi} do Hoi''l),iiulian, Compf. rni’i., 1876, 83 , 611. 

Hu bid him 

38-5 

Eidmaiin and Kothner, Anva/en, 1897, 294 , 66 . 

Phosphorus . 

44 '1 

llnlett, Zeihih. phi/sikal. Chem., 1899, 28 , ^ 66 . 

Potassium 

62*5 

Kninakow ;^iid Puscbni, Zedsch. anorg. CherH;f 


• 

1902, 30 , 109. 

Sodium . 

97-5 

Kurnakow and Puschin, /« cd • • 

Iodine . . 

^ 114 

Lean an<] WhatniOugli, Trum (licm. Soc., 1898, 


• 

73. 

Sulphur {rhombic) . 

112-8 

Smith and Carson, Zeilseh. physical, Chem... 1911, 
77,601. •' 

,, (moiioclinic) 
Indium . 

119-25 

Sniitli and Holmes, F>er., 1902, 35 , 2992. 

156 

A. 'I’liiel, />/•• 1904 , 37 , 175. 

Lithium . 

188 

Kahlbauin, Zeitsch. anorg. Chem., 1900, 23 , 220. 

Selenium 

Tin. . . 

217 

Saunders, J. Physv'al Chrm., 1900, 4 , 423. 

231 -9 1 

Waidner and Burgess, Bureau .b7anr/., Wasliington, 

• * 


1910, 6 , 149 ; 1910, 7 , No. !♦ 

Bismuth . 

288 

Heycock and Neville, Trans. Chem, Hoc., 1894, 

• 


4 O. 6 . , 

Thallium 

301 

Kurnakow and Pii.schin, Zeitsch, anorg, Chem., 
1902, 30 , 86 . 

Cadmium 

321 -0^ 

Waidner and Burgess, Joe, dt. , 

Lead . . , 

326-9 

llolbuiii and Day, Ann J’hgsik, 1900, (iv,), 2 , 



505. 

Zinc 

419-41 

Waidner and Burgess, loe. cit. 

Tellurium 

460 

.Mat they ^Proc. lioip Hoe., 1901, 68 , 161. 

Cerium . 

635 

Hir.sch, J. Ind. Eng. Chem., 3 , 880, 

Antimony 

629 2 1 

Day and Sosmati, yi/wrr, /. .SV/,, 1910, [iv,], 29, 93. 

Magnesium 

649 

Vogel, Zedseh. anorg.^t^m. , 1909, 63 , 169. 

Day aift Sosman, loe. e‘d. • 

Aluminium 

6.58-0 

Calcium ^ 

800 

Moissan ;^i(l r'havannep(7om/>< rend., 1905, 140, 
1-22 • • . 

Strontium 

approx. 800 

Guntzand Roedcror, Compt^rrnd 1906, i^, 400. 
Muthinanii and Weiss, Annalen, 1901, 331 , 1. 

Lanthanum 

• 810 

Arsenic (grey) 

,♦ 817'’-§50" 

.Jolibois, Compt, ren^., UGl, 152 , 176^j 1914, 
158 , 184 , (Xtubau, dud., 1^14^158, HI., 

(under pressure) 

Needy miuiiT . 

840 

Mutlimaim and Weiss, Anmuen, 1904, 331 , 1. 

Barium . 

8.50 

Guilt/, Ann. Chim, Fhys., 1905, [viii.], 4 , W. 

Germanium 

approx. 900 

Winkler, J. prajd. Chem., 1886, [ 11 .], 34 , 177. 

Praseodymium 

940 • 

Muthmann and Weiss, he. cd%. 

Silver 

960-01 

Day and Sosman, loc. cU. 

Gold . 

1062-41 

„ M * • 

Copper . 

1082-61 

Burge.ss«and \^alteiiberg, .f. Washington, Acad, 

Mangauese « 

' 1260 

• 


Sri., 1913, 3 , 371 ; Zeitsrh. anorg. Chem:, 1913, , 

* ^ 


88 , 361. 

Glucinum 

i 1280* 

I’lchter and ^blczynski/»P 6 !r., 1913, 46 , 1604. 

' Zirconium 

' apj‘Voi: 5300 

• • 

Samarium 

approx. 1360 

Mendeiihail and Ingeisoll, Vhys. Ikview, 1907* 

Silicon . 

?434 

• 


25 . 1 - 

Nickel . . 

1 1452-31 

Day and Sosman, loc. cit, 

Kalmus and Harper, Caiuv^nn D^nrtment uf 

j Cobalt . 

U78±l-1 

J/il’.v, B^poit 309, 1914. 

*H. C. H. Carpenter, J.Jrm Sleel^Inst, 1908, iii. 
290. Burges^and'Waltfiibei^, kfic.' cit. 

Iron 

1605 



’ Teniperaturo ou thJe constant voluiuo nitrogen thermometer scale. 
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cr- ^ 

, Substance. 

Melting-Point. 

^ V *• ^ 

Authority and Reference. ‘ 

Chromium 

1520 ‘ 

Burgess and Waltenberg, loc. cit. 

Palladium 

1549-2 ‘ 

Day and Sosman, loc. cit. 

Vamidium . . 

1720 

Burgess and Waltenberg, loc. cit. 

Thorium . 

groator 

von Wartenberg, Zeitsch. EleUrochem,, 1909, 15 , 


than nOOf 

866 . 

Platinum ^ . 

1765 

Day, Tram. Faraday* Soc., 1911,^7, 136. 

titanium 

1795 

Burgess and Waltenberg, loc. cit. 

Ruthenium . 

approx. 1900 

Myhusand Dietz, Ber.^^'8^, 31 , 3187. Moissan, 
Compt. rend., 1906, 142 , 189. 

Jlhodium 

1907 

Mendenhall and Ingers<»l], loc. cit. 

Coluipbium 

19.50 

von Bolton, Zeitsch. Elcktroehem . , 1907, 13 , 145. 

Osmium . 

2200-2500 

Mrtissaii, Compt. rend., 1906, 142 , 189. 

Iridium . 

2290 

Mendenhall and Ingersoll, loc. cit. 

Boron 

Volatilises at 

Weiiitraub, Chem. News, 1911, 104 , 167 ; Tiode 


temp, of electric 

and Biriibrauer, Zeitsch. anorg. Clwm., 1914» 


arc. 2000-2500 

87 , 129. 

Molybdenum .*■' . 

2450+30 

Pirani and Meyer, Ber. physik. Ges., 1912, *. 4 , 426. 
Waidner and Burgess, J. de physique, 1907, [iv.], 

6 , 880. Pirani and Meyer, BeYK physik, (ies., 
1911, 13 , 540. 

Tantalum 

2910 


*> 

Tungsten 

3540 ±30 

■ Langmuir, Fhys. Review, 1916, [ii], 6 , 138. See 
also Waidner and Burgess, loc. dt.\ Pirani and 
Meyer, Ber. physik. 14 , 420. 

Carbon , 

Volatilises 

Violle, Compt, rend., 1892, I 15 , 1273; 1896, 

. _ 

about 3500 ' 

120 , 868 . 
r 


Vapour Pressure of Solids. Volatilisation and Sublimation. - 

All solid substa^nces f;iv'o off vapour^ and exert a distinct vapour tension at 8 
fixed temperature. The odour whicii certain solid substanc(xs emit is proof ol 
the existofCG of a vapour pressuril. In certain cases, for example those of the 
metal^, metallic 9.Cide.s, and salts, the vapour pressure must be exceedingly 
small at ordinary temperature, but the fact that naany metals have been 
sublimerl under low prosjures at temperatures fai belo\v‘their melting-points' 
affords evidence 'Of the existence of a perceptible vapo\u’ presb''ai'e even at 
ordinary temperatures. Zenghelis^' has found that a piece of silver foil 
exposed for some months at the ordinary temperature in a closed vessel 
“containing a mital, or one of its oxides or sdlts, becomes amalgamated with 
tiie metal nrese.it in the substance employed. 

A solid substance which passes otf as vapour without liquefaction is said 
to volatilise. By cooling the vapours so obtained, condensation to the solid 
, state is again obtained ; the whole process of volatilising and condensatlrn is 
known as sublimation. Thus certain /immonium ‘ salts, e.g. the chloride, 
arsenious ojjide, and iodine (if* heated in a wi^e vgssel), pass off wholly ae 
f valour when heated at atmospheric pressure, and may be purified by the 
process of Sublimation. The exjSlanation of this phenomenon lies in the faol 
, ^ that the molting* and boiling-points lie close together. Increase of fressurCj 
r w^ioh raises the'' boiling-point considerably, but has little effect on the melting- 

* * Tcmperatiir^o on the '^opstant volume iiitrogMi thermometer scale. 

. » pemai'vify, Compi. rend., U82, 95 , 183 ; Kraffl, Ber„ 1903, 36 , 1690* iocs ^ *>ta> 
.Kraftt add Bergfeld, ibid., 1906) ^ 2H. 

-f Zcnghclia, ZeUsch. pnysikal, CJiem., 190C, $ 0 , 219 ; 1900, 57 , 90. 
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pointj^wiR ipcrease the range of tenipemture between tbe fusion and boftUng-^ 
points and bring about liquofactipn. ^ ^ 

The vapour tensions ofnnany soliAs nifty be detonnined froni tlfo logs of 
weiglit which the substances sustain when a known volmnc of air or other 
gas is passed over their surfaces.^ If the vapour tensions are^ipprociablo, as 
in the case of ice, it may be measured by tlie static method used for liquid 
substances (see p. 35). * 

The vapour tension curve of a solid substance is of tlic typo shojvn iii 
fig. 0, the upper limit being the melting-point (or rather, tl»e triple-point). 
It does not coincide ®with the curve for tlie supercooled liipiid, hut cuts 
it at a small aligle, as was demonstrated on thoon'tical j>^ronnds h^ .1. Thoinscgi ^ 
and Kirchhotf,^ an(^ experimentally 
by llamsay and Young. ^ A super- 
cooled liquid has a gre;itcr vapour 
tension than the solid at the same 
temperature. 

CRYSTALLOGRAPHY. ’ 

Introduction. — Substances 
which are orfliiiarily classed as solids 
may be divided into two groujjs : 
those in wliich the physical pro- 
perties are the ^lune in all directions ; 
and those in w hich certain properties, 
such, for example, as expansion, ther- 
mal conduction, and various optical 
properties, have different values in 
different directions. Substances be- 
longing to the first group are said ,, 

to be a^orphouSy those belonging to the second gj'oup <'.rf/(ifaU\)inc. , Th( 
is considerable evidence for the vi(‘w that amorplious sffhfetauces aroroa 
supercooled li<piidsj.'* iu which case every true solid is crystalline, 
crystalline substance may l^.d^fined as one in wjiich (brtain physical pi^pert 
differ in*diTferent directions radiating from any point witlifu it. This aofi 
tion includes the various liquid crystals that have been studied by Lehina 
and others,^ but the vast maiority of crystalline substances are solids, a 
these alone will be considered here. 

When a body passes from the litpiid or ga.seous state or ?rom .solution 
the solid state, in favourable circumstances it assumes a definite geometrii 
shape, and is S^id to crystallise. A body formed in tliis way, bounded 
plafte surfaces or faces which intersect in rectilinear ejlyes and form so, 


^ See, e.g., Baxter, Hickey, and lloliues, J. Amer. Chem. Sue., lir)7, 29, 1.^7, outhevrf^ 
tension of iodine. Baxter a.id Groso, ibid., 1915, 37, 1051. 

3 J. Thomson, Phil. Mag., 1874, [iv.]. 47 , 447. 

* KirchhofF, Pogg. Atiiialen, 1858, lO^ 206. 

■* Ramsay and Young, Phil. Trans., 1884, I75i 37 and 461. . 

? In the prepafation of this .section wo have been Assisted by Mr J. E, Wynjield Rho<| 
BJSc., whom we take this opportunity of thanking. , * 

• See, for example, Tamraann, Schmehen und Ari«fa77ywrm(Ambvo6iUa-i5arth, Leipj 

\ ^ Leiiiuann, Flussige KristallH 1904). 



' Temperaivre 

Fin. 6.— -Vai^l^iir tension curves of solid 
hquj',1. 
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angles or coigm where three or more faces intersegt at a pome, «8 aailod a 
crystal. 

It iSf found that various (jftrectio* A iy a crystalline substance are equivalent, 
those directions the physical properties are the same ; and equivalent 
directions arejound to be arranged in space in a symmetrical manner. The 
symmetry of these arrangements is closely connected with the symmetry 
of the geometrical shapes of crystals, and accor.’dingly the latter are only the 
outward expression of the internal structures of crystalline substances. The 
discussion of the physic-iil properties of crystals lies beyond the scope of this 
work, but a brief account will bl given of the vtorpholfjiy or form relationships 
o| crystals, jwid of the connection between the crystalline fornrs and chemical 
cobipositions of substances.’ ^ ^ 

Historical. — The scientific st\idy of crystals' dates back merely to the 
ebse of the eighteenth century. Among the earlier workers on the subject 
wore Caesalpinus (IGOO), who observed that the vitriols, sugar, saltpetre, and 
alum crystallised from soluffion in characteristic forms, and Hooke, who 
showed in 16G5 how the habits of octahedral crystals of alum could be imitated 
by building piles of spheres. The laws of the constancy of the angles and 
cleavage directions were discovered by Steno^ and (lugliclmini^'’ byt were 
unfortunately not heeded until the invention of tlie contact goniometer by 
Carangeot in 1780 onablad them to bo verified experimentally by RornG de 
ITsle.^ The way was thus prepared for the Abbe Ueiie Just Haiiy® to show 
how all the faces of natural crystals are derived from a few simple forms, to 
state the laws of crystal symmetry, and to apply them to^ five of the seven 
now recognised. 

Geometrical Crystallography : Fundamental Laws.— The funda- 
mental experime^ital laws of crystallography are the Law of the Consfancy of 
Angles^ the Law of Ratiomil Intercepts, and the Ijaws of Symmetry, The first 
of these may bo stated, ih the following manner : under the same physical condi- 
tions the angles f)etween corresponding faces on various crystals of the same sub- 
stance are^constant, no matter hof*v much the shapes and a 2 q)earart<^es of the 
orystf^s may varyj?a a result of unc(pial development (fi". 7). In other words, 
the sizes of the faces on a crystal are not important, but only their inclinations 
to eaoh.^tlier. Accci’diiegly, whenever necessary^ it is jlcrmissiblo to suppose 
the ftices of a'crystal 'to move parallel to their original jwsitions,*- in older 
that similar faces (see p. 50) may bo equal in size. 

The Ijaw of Rational Intercepts may bo explained in the following manner : 

* Suppose any thfee edges of a crystal that medt at a point are taken as axes 


* For further information the reader is referred to the tollowu.g works: Groth, 
Physikalische Krystallofjraphie (4th edition, Leipzig, 1905); luttoii, Crydallography and 
Practical Crystal Measurement (Macmillan & Co., 1911); Williams, klSments of Cr^^Mlo- 
graphy (Macmillan & Co., 1892) ; Lewis, Treatise on Crystallography (Cambridge University 
Fress, 1899); Miers, Mineralogy (M^.r-millaii ft Oo., 19f2) ; Kaunihi^uer, Die neiiere Ent- 

. wkkelung der /Cmjstallographie ( Brunswick, 1906) ; LiibiVh, Physikalische Krystallographii 
r (Leipzig, 1891); Arzruni, Physikalische Ghemie der Kryatalle (Brunswick, 1893); Fock,' 
Introduction ^ to Chemical Crystallogrcsfihy, translated by Pfcjie (Clarendon Press), 1896; 
ftroth, Introduction to Chemical Crystallography, translated by Marshall (gurney* A 
Jackson, 1906) ; Tutton, Crystalline IStructure and Chemical Composition (Macmillan k Ob,, 
1910): and proth, tlhemische Krystallogi’aphie, (Leipzig, 3 vols., 1906-10). 

* Hooke. Micrograpkia, 1665. * * , t 

* Steno, De'solido intrff, solidum naturaliter contmto (Florence, 1669). 

* Guglielm^niJ Rfkssimd filo^^ke dedotte dalle figure de' sali (Padova, 1706). 

' *• Romo dePIsle, Crystallographic {Vans, 1783). 

® Haiiy, Essai d'une thdorU sur la structurs d^ crystaxix, 1784. 
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of co-ordi^iates. Any fate of the crj-stal will intersect one or more ot iKe 
sutes.^ Choose one of them which intersects the three axes as the standard,* 
^and suppose the intercepts that thii^ plJlie cuts oft’ from the axes are a, 6, 
and c respectively, measured from the orij^in. It is only their ratio Wt 
matters. Now suppose that any other face of tlic crystal c’ tS otf intercepts 
6 in the ratios of ^ : y : z respectively. They* may ho cAprossed in terms of 
a, h, and c as follows : — 


x\y :z: 


a h c 

h 'k' V 


It is found thht /t, tc, and I are in the ratios of simple integers, rarely as lar^e 
as six. This law v*ajJVirst observed by Hauy. * 

Symmetry. — It is found that crystals may be symmetrical with respect 
to a point, a line, or a plane. * 

When to each face on a crystal there corret^ionds a similar parallel face, 
the crystal is said to possess a centre of symmetry^ or to exhibit ce.ntTosyimmtry!f 
<“.y., octahedron (fig. 10), cube (ftg. 11). 

If on rotation about an axis, a crystal presents 
exactl}b the •same appearance ^ w times in one rovolu- • / 

tion, the axis is said to be one of nfold symnutrv. / /I 

Owihg to the l^peration of the law of rational inter- ' A I \ 
cepts (p. 48), the only vahes of n are two, three, four, 
and six, giving rise to di-, tri-, tetra-, and hexa-gonA ^ • 'f'y 

axes of symmetry, i and the only angles between pairs 'W' 

of axes of symmetry are 30“, 45°, 60“, and 90“. An \ \ ^ 

axis of symmetry is always perpendmdar t(^ a possible ' , \ ' 

crystal face and parallel to a possible interfacial crystal * 
edge. As an example, the diagonals of a cube have/Fio. 7. Octulimhoj) un- 
threefold symmetry. • •wpiaBy developed. 

A plane of symmetry is a plane which^divldcs a • 
crystal info two symmetrical halves, such that if th« plu^ie wero^a mirror, 
ono-half of the crysta^ would coincide with the reflected inmge of the "bther 
ha}f. It may be necessary to move some of the faces pj,irallel l.o t hemselves 
in order to observe this coincidence, but suoli a procedure js adSisiible 
(p. 48). A phme of symmetry is alvxtys parallel to a possible crystal face and 
perpendicular to a possible interfacial crystal edge. As an example,* the 
diagonals of a regular octahedron, taken two at a time, lie in^throe planes of 
symmetry which are mutually at right angles. 

The preceding dcnunls of symmetry may he ;i.ssociated m 31*dift’ercnt 
ways ; accordingly, coupting as one class the cry.stals whicli posse.ss no 
symmetry whateyer, crystals may bo cla^.silic(F according to the typos of 
symmetry they exhibit into 32 cla8.ses.^ Examples are known, corresponding 
to 31 of these types (see fp. -r>4).4 


^ The face is supposed to be extended, if necessary. , 

® A centre of symmetry is ribt a true element of .^mrnetry, and oentro.symmetry arisM 
fronf a ooini)ination of reflection and rotation (p. 52). 

^ Bearing in mind that only the iiiclinatious, and not the size.s, of tlm faces are of any 
sonsequence. , , • 

* For simple proUfaof this and other important jjropositions, see H. Marshall, 'iVoc. Eoy. 
Soc. Min., 1898, 22 , 62. * % • • 

® Hessel, 1830 ; Gadolin, Acta Soc. ScUnt. Fenniroi, llelfingfors, 1807, 9, 1* 

• • The properties of crystalline si^Jistanoes are such a.s to justify the conclusion that the 
STystalline structure is a homogeneous one, i.e, one the paits of which are unlfonnlf 
VOJL I,. • ^ 
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Forms.— Corresponding to any particular face on a oi7stal,^Hhe^*e are. 
sertain other faces the presence qf which is required by symmetry; the 
fiumbor depends upon the nature 6i tbj face and on the grade of symmetry, 
axhlibited by the crystal. A collection of faces^ the presence of all of which 
is required hy Asymmetry ^ provided one of them be present^ is called a form. A 
closed form is such that its faces, produced, if necessary, completely enclose a 
space ; all other forms are open forms. Foi* example, in a crystal which 
possesses merely a plane of symmetry, the presence of one face necessitates 
the presence of one other, and the two faces constitute an open form. 
Clearly such a crystal must be made up of a combination of forms, each of 
tU"© faces. Although the symmetry of a crystal may permit the occurrence 
of closed forms, it^is the exception to find a crystal hour Jed by faces belonging 
to only one form ; usually a combination of two or'more forms is encountered. 
Only forms corresponding to the same grade of symmetry are found together 
in combination. 

The faces which constitute a form are said to be similar faces, and in the 
succeeding pages it will, for convenience, be assumed that similar faces are 
equally developed, so that the crystals assume their perfect geometrical 
forms, free frortl all distortion. 


rei)«ated throughout. The problem of determining the number of ways in which a homo- 
geneous structure can bo built up from its stnictural units is equivalent to finding the 
nuraber«of ways of arranging homogeneous point systems in sj^ace. This can be done in 
230 different ways, in eacii of which the planes of points within thf system are related to 
each other according to the law of rational interceiits ; and the symmkiy of each of these 
systems corresponds to that of one or other of the 32 classes o? crystals (Bravais, 
J. VilcoU polytecjinjque, Paris, ISoO, 19*127 ; 1851, 20 , 102, 197 ; Sohneke, Zeitsch, Kryst. 
Min., 1892, 20 , 445 ; Fedorow, Tram. Puss. Mineral. Soe., 1886, 1888, and 1890 ; Zeitsch. 
ftryst. Min., 1893, 21 , 67i'' ; Schonflies, Krystalsysteme und Krystalsiructur, Leipzig, J1891 ; 
Barlow, Zeitsch. ftryst fJ/in'., 1894, 23 , 1 1896, 25 , 86 ; Sci. Proe, Roy. Dublin Socf, 1897, 
8 , 627 ; Brit. Assoc. Report, 190:^ 297 ; Pope, Chem. Soc. Ann, R^ort, 1908, 5 , 268 ; 
Hilton, Malkematical Or^jstallography ('Clarendon Press, 1903). 

Thd abstract geqmetricftl study of homogeneous assemblages, as perfected oy Fedorow, 
Schbn.'lies, and Barlow, undoubtedly leads to the discovery of all the possible arrangements 
of the structural units of crystals ; but it does not afford any indication of the nature of 
these UQ.its, i.e., whethbr thfiy are atoms, molecules, or njplecular oomplexes. The remark- 
able' discovery,' due to Lane, thlit a thin slice of a crystal acts as a diffraction grating 
towards the X-rays and the discovery, by W. L. Bragg, that the X-rays are strongly 
reflected at crystal faces, have, however, opened up an entirely new field of experimental 
research which wiU, in the future, very probably lead to full knowledge both of the nature 
and disposition oi the structural units of a crystal. 

An account Qf the discoveries of Laue and Bragg, and of the researches to which they 
have led, beyond the 8 co])e of this book. The fmlowing references, howev^, may be of 
service to the reader; \V. Friedrich, P. Knipping, and M. Laue, Sitzungsb^. K. Akad. 
ffiss. Milnchen, 1912, p. 303 ; Ann. Physik, 1913, [iv.], 41 , 971 ; Laue and Tank, ibid., 
1918, [iv,], 41 , 1003; Friedrich, Physikal. Zeitsch., 1913, 14 , 1079; l?VBgner, ihid.\,l^\^i 
14 , 1232; Stnrk, ibid., 1913, 13 , 973; G. Wulff, ibid., 191,3, ia, 217 ; Mandelstam and 
Rohman, 1913, 14 , 220; Lame, lOtS, 14 , >'076; Ewald) 1913, 14 , 466; 

\1&iilfl' and tfspenski, ibid., 1913, 14 , 783 ; Herweg, ibid., 1913, 14 , 417 ; Debye, Ber. deVdii 
physikal, Qes., 1913, 15 , 857 ; ITupka, ibid., 1918, 15 , 869; W. L. Bragg, Nature, 1912, 

g ), 410; Proc. Camb. Phil. Soc., 1SW3, 17 , 43; W. H. Bragg, Nature, 1912, 90 , 672} 
arkla and Martyn, ibid., 1912, 90 , 436, 647 ; Moseley end Darwin, ibid., 19W, 90 , 694 ; 
W. H. and W. L.t.Bragg, Proc. Roy. Soc., 191?, A, 88 , 428 ; W. H. Bragg, ibid., 1918, A, 
89 , 246, 248; W. H. and W. L. ^f&gg,^..ibid., 1913, A, 8i9, 277 ; Mosdey and Darwin, 
Phil. Mag*, 1913, fvi,], 26 , 210; Barkla and Martyn, Proc, lAmdm Shys. Soc., 1913, 25 , 
208 ; Toraila,' proc, Tolyo Math. Phys. Soc., 1913, j, 60; M. de Broglie, Oompt. rend, 
1913 , 156 , 1S.^)3 ; M,‘de Broglie and Lindemann, ibid., 1918, 156 , 1461 ; also the following 
I'cviewrf; Br.igg, Science Progress, 1913, 7 , 372; Barkeri Ann. Report Chem. Soc., 1918, 

283 ; Kaye, X-Rays (Longmans & Co., 1914). 
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C^tellographic Notation.-~In order to express briefly the vrfrit^tis 
crystal forms, a symbolic method is Employed, ^oased upon the principles pf , 
CQK>rdinate geometry. A point within tlfe crystal is taken Ss the'crigip^of 
co-ordinates, and three cri/stallographic aa-es of co ordinates chosen, pamllel 
to three crystal edges not lying in the same plane or parallel io one another. 
Taken two by two, these axes lie in three a, rial plane, % dividing space into 
eight octants. Whenever possible, axes of symmetry are for simplicity 
chosen as co-ordinate axes, since they are always parallel to possible crystal 
edges; preferably, the axes of more than twofold symmetry are selected. 

A face that lies in khe octant XOYZ (fig.* 8), and cuts each of the axes, is 
chosen as the fundamental fcuie or parametral plane, and thff ratios of tts 
intercepts on the JVxo| are taken as the ratios of • 

the units of length, in tei^ns of which measure- I Z 

raents along the three axes are expressed. j • 

Hence, in general, measurements arc made in i 

three different scales, one for each axis. Th^ I y'X' 

axes are conventionally drawn, as shown in fig. 8, 
and the intercepts or parameters a, h, and c of 
the fuj|idai»ental face are always referred to in a 
standard order : firstly, a on the front to back 
axis ; secondly, h on the left to right axis ; and 
thirdly, c on the vertical axis. The ratios of 
the parameters or axial ratios a\h\c, together 
with the angles .YOZ = a, ZOX = ^, XOY = y, 
constitute the crystallographic constants of a 
crystal. The value of b is generally put equal 
to unity. • 

From what has been already stated (p. 49), it is s^n that the interoepti 
X, y, and z of any other face of a crystal are relfted to ^he axial ratio) 
a : 6 : c as follows : — • 



Ki(i. 8. — Uryslallo^raphio axes. 


x\y\z 


a % c 
h k I 


where h, k, and I ar8 in the ratios of simple iqtegerti. *rhe face is tfierefore 
given i\i^stf}nhol (hkl), and 4, k, I (expressed in their lowesf terms) are called 
the indices of the face.^ It will be noticed that they are inversely propor- 
tional to the intercepts of the face. As an example, the symbol (112) means^ 
that the crystal face cuts off intercepts on the axes i\\oiengths of which 
are in the ratios of : y : i c, 2:2:1, the scales df meftsurement 
along the axes being in the ratios of a : 4 : c ; hence the absolute lengths 
of the intercepJjS are in the ratios of 2tf.2^>:t. Whenever zero occurs as 
an ieQex, it means that the corresponding intercept is infinitely great, i.e. that 
the plane is parallel to tJle ajus. 

To indicate that integjepA are measured along OX', OY', OZ»(fig. 8) Jh© 
(sorresponding indices are written with minus signs above them. ,When tbj© 
symbol of a face is enclosed in brackets, *e.g. [hkl], it stands for all the 
faces belonging to the form of which (hkl) is one face. Usually the symbols 
for the various faces of a form only d^er jn the order oAaking the aatt^ 
indices and in •the signs attached to them, e.g., the eight faftes of tlb© 


« ] J^l'i* index system of notation, now almost universally employed, it due to MiQer 
(Miller, Treatise on Crystallography {Csxahndige University Press, 1839)). 
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octaliedron (p. 67) are ( 111 ), (iTl), (Til), (Tllj, *( 11 T), (111), fill*), and 
' (TTT). , 6 , 

Crystal forms are named as follows f pyramids [hU], each face of which ^ 
cuts*all three axes; prisms {MO}, each face of wiiich cuts the lateral axes 
and is parallel W. the vertical axis; domes {AO/} or {OA/}, each face of which 
cuts the vertical and one lateral axis, but is parallel to the other; and 
pimcoids {AOO}, {OAO}, or {00/}, in which e/ich face cuts one axis and is 
parallel to the other two. The symbol for the fundamental (pyramid) face 
is obviously ( 111 ). 

Crystallographic Classes. — It has been already mentioned (p. 49) 
thV[.t, according to the elements of symmetry they possess, crjrstals may be 
classified into 32 Classes. These classes are as follows^!— < 

TRICLINIC SYSTEM. 

1 . Asymmetric. — No elements of symmetry. The faces are simply 
arranged in accordance with the law of indices; e.g. calcium thiosulphate, 
CaSgOg-GHgO. 

2. Holohedrfd. — A centre of symmetry only ’ ; e.g. copp(A' su,^phate, 
CUSO 4 . 6 H 2 O. 

i ^ ' 

MONOCLINIO SYSTEM. 

3. Bonial. — A plane of symmetry only ; e.g. potassium tetrathionate, 

4. Sphenoidal. — One digonal axis of symmetry only ; e.g. tartaric acid. 

6 . Holohedral . — One digonal (^xis, perpendicular to a plane of symmetry ; 
t.g, potassium magnesium sulphate, K 2 SO 4 .MgSO 4 . 6 H 2 O. 

* ORTHOnr/oMBIO system. 

6. 'Bis^henoidal, — » Three mutually perpendicular digonal axes of 

symmetry; e.g. nTiagnesium sulphate, MgS 04 . 7 H 20 . , 

7. Pyramidal. ~ One digonal axis and 2 mutually perpendicular 

planes bf symmetry parallel .to it; e.g. magnd^ium ammonium phosphate 
Mg(NH 4 )P 04 . 6 H; 0 . ‘ ^ 

8 . ' IIolohedral.—liXwoQi mutually perpendicular digonal axes, and 3 planes 
( of symmetry, ef\ph of which contains two of tjie digonal axes ; e.g. potassium 

sulphate, KgSO^. 

TETRAGONAL SYSTEM. 

9. Pyramidal. — One fourfold axis of symmetry ; e.g. Idkd molybdate, 

PbMo 04 . 

10 . Bisphenoidaly—One foiv'fold axis»ind a ^lane of compound symmetry 

penpendiculKr to it {i.e. a centre of symmetry) '^e.g. » 2 Ca 0 .Al 203 .Si 02 . “ 

11. Trapezohedral. — One foujTold axis and 4 tvyofold axes perpendicular 

to the first-named and separated by 45“ from one another ; e.g. st^ychnene 
sulphate. ^ 4 

12 . Bipyramidal . — One fourfold* axis and a plane of symmetry perpen- 
dicular to'it ; e.g. calcium tungstate, Ca\¥ 04 . 

■* I.e', symmetry that results from reflection in a pljine (plane of compound symUaetryd 
wad aubsequeut rotation through 180 *. 
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13. lUMragonal bi]f^ramid(d,—OnQ fourfold axia in which inlerjjeot i . 
planes of symmetry, separated from ene another by 45° ; e.(j. iodosiicoinimlde.^ 

14, ScaUnohedraL — One fourfoldvavufand plane of compound symmetry 
perpendicular to it ; 2 mutually rectangular twofold axes in the latter plane 
ind 2 symmetry planes intersecting in the fourfold axis ai*d biseoting the 
ingles between the twofold axespe.^. potassium dihydrogen phosphate, 

16. Holohedral.—T\ie 5 axes of (11), the 4 symmetry planes of (13), and 
the 1 plane of (12); e.g. zircon, ZrSiO^. 


TRIGONAL SYSTEM. 

• 

16. Pyramidal. — 0?ie threefold axia only; t.q, sodium periodate, 

NalO^.SHjO. • 

17. Rhomhohedral.^Om threefold axis and a “centre of symmetry’'; 

e.g. dioptase, CuHgSiO^. • 

18. 7’rajoezoAedm/.— One threefold axis and 3 twofold axes perpendicular 
to it and separated from one another by 60° ; e.g. quartz, SiOj. 

1^ Bipyramidal. — One threefold axis and a plane of symmetry perpen- 
dicular to it ; no example known. 

^20, Ditrigoml pyrainidal.—OnQ threefold aiis in which intersect 3 
symmetry planes separated from one another by 60° ; e.g. tourmaline. 

21. Ditrigonal scalemhedral.—As in 20, but, in addition, 3 ttvofol^ axes in 
a plane perpendjcular to the threefold axes, these axes bisecting the angles 
between the symmetry planes ; e.g. calcite, CaCO^. 

22, Holohedral . — As in 21, but, in addition, a plane of symmetry perpen- 
dicular to the threefold axis ; e.g. benitoit^, RaTiSiJ) 


IIEXAGONAIJ* SYSTEM. 

23. Pyramidal. — One sixfold axis *only; e.g. strontium i anj-irnonyl 
tartrate. 

24. TrapezohedroSt. — One sixfold axis and 6 twofold axes in a plane at 

right angles to the* first, the latter axes beii^ sejiarated from on»f another 
by 30 ;• e^. the double salt formed by barium antimbnyl tartratS and 
potassium nitrate. . 

25. Bipyramidal. — One sixfold axis and a plane of symmetry perpen- 
dicular to it ; e.g. apatite, Ca 5 F(F 04 ),j. * 

26. Dihexagonal pyrwmidal. • — One sixfold axis in wlfich ^itersect 6 
symmetry planes separated from one another by 30“ ; e.g. cadmium 
sulphide, CdS, 

Holohedral. — One sixfold axis; 6 symmetry planes as in (26); 1' 
symmetry plane as in (^5); g,nd 6 jLwofold axes as in ^24), the latter being 
the intersections *of the six Symmetry plants with the seventii symmetry 
plane {i.e» the one perpendicular to the sixfold axis); e.g. beryl, * 

CUB^ SYSTEM. 

28. Tetrahedral pentagonal dq^lecaJtedrdi. — Three mutually Bcctangulor- 
twofold axes parallel to the edges of, and 4 threefold ^es parallel to the 
diagonals of a cube; e.g. barium nitrate, Ba(NOg]f 2 . 

29. Pentagonal-icositetrahedral. — Three mutually rectangular fourftjld' 
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ates; parallel to the edges of, and 4 threefold axes parallel to the^diaf^ohals 
,of, a cube. Also 6 twofold 'axes pe;-pendicular to the faces of the rhombid 
dodecahedron (see p. 57) ; e.g, cuprfie, C^UgO. ' 

80. Dyaku-dodecahedral.—kTLQs as in (28); and 3 planes of symmetry, 
each perpendicrjjar to a twofold axis ; e.g. iron pyrites, FeSg. 

31. Hexakis- tetrahedral . — Axes as iA (28), and 6 planes of symmetry 
which may be regarded as bisecting the angles 'oetween the planes mentioned 
in (3Q) ; e.g. tetrahedrite, CugSbSg. 

32. Holohedral. — Axes as in (29), 3 symmetry planes as in (30), and 

6 more as in (31); e.g. fluorspar, CaFg. * 

* In addition to those given in the preceding tabular outline, numerous 
other class-names ^re in use, the meanings of which \/:ll'be apparent from 
the following definitions : — ' 

' A di-n-gonal axis is one that is the intersection of n planes of symmetry. 

Holoaxial symmetry is present when an n-gonal axis is associated with 
digonal axes perpendicular to it but with no planes of symmetry. 

Equatorial symmetry is produced when an «-gonal axis is perpendicular 
to a plane of symmetry (equatorial plane). 

Polar symmetry is produced when an 7t-gonal axis is perpendfculai* to no 
plane and no axis of even symmetry.' 

Alternating symmetry' is that which arises by reflection across an equa- 
torial “ plane of compound symmetry ’’ (p. 62), followed by rotation about 
the axis^perpendicular to that plane. 

Crystallographic Systems and Axes.— The preceding 32 classes 
are for convenience grouped into 7 systems, as indicated above, according 
to the nature of the crystallographic axes to which they are referred and 
the parameters df the fundamental pyramidal faces. It has been stated 
(p. 61) that the crystallographic axes must be chosen parallel to crystal 
edges, and that <they 'are usually chosen parallel to axes of symmetry. The 
manner in which this done will i^ow be'explained. 

1. TricUnic system.—, There being no axes of symmetry, the crystallo- 
^aphie axes are chosen parallel to three crystal edges. , From the symmetry 
of the system, no axial angle can equal 90*, and no tvijo intercepts of any 
face can 'be eqyal, HeneJe a triclinic oystal is A\id to be referred to three 
Qhlique and unequal axes, and in describing such a crystal the angles a, p, 
and y must be stated and also values of a and c of the axial ratios a : 1 : c. 
One axis is arbitrarily chosen as vertical axis., It usually corresponds to a 
direction in which the crystal is well developed. Of the other two axes, the 
longer or t lacro-axis is placed from left to right, and the shorter or brachy- 
axis from front to back. 

2. Monoclinic system. — Im the holohedral class (class the axis of 

Bymmetry is taken as the left to right crystallographic axis or ortho-ki.\% ! 
for the vertical axis aitd front tq back or cfiwo-axis two directions in the plan* 
of ^ymmetrp are selected that are parallel tie crystal edges. A simila: 
wrangement of axes is clearly possible for class 3 fp. 52), since the plani 
ot Symmetry is perpendicular io a possible crystal edge, and also f« 
olass 4 (p. 62), since the digonal axi^ is perpendicular to a possibh 
orystal face. ' • 


'"The arraf.gement^'of faces r, round one end of a polar axis is independent of th( 
ntangement about the other end, and a crystal with a polay axis is said to be kemimorphous 
^uh crystals exhibit the phenomenon of pyroelectricity ; e.g. tourmaline. 
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. WicJltie Aymm6lry of eacli class in this system it follows tRat np 
face can have two equW intercepts^ on the axes. Hence, in descfilfiii^H^.^ 
monoclinio crystal the values oi a aiid.^in tlu* axial ratios a ; 1 :^c mnl)| 
stated and also the magnitude of ttle angle ft. Obviously both a and y 
equal to 90*. Monoclinic crystals are therefore said to be referred to*<Are#' 
unequal axes^ two of which are perpendicular to the third hut »Bt at light aitgM ' 
to ea^h other. ^ ' l 

3. Otthorhomhic system. — In the holohedral class (class 8) the thrPP 
digonal axes are chosen as crystallographic axes. The same choice is 

made in class 6 (p. 62). In class 7 the ^igonal axis forms one cry8taU<^' 
graphic axis, and the* intersections of the symmetry planes with a plan#' 
perpendicular to the digonal axis form the other two, since tfiey are partdlpl' 
to possible crysfal'edg^s (p. 49). Thus in each cas^ the three axes of 
reference are mutually perpendicular ; but in no case is it possible for any 
crystal face to have two equal intercepts. Hence in specifying an orthorhofhbic 
crystal it is necessary to state the values of a fy;id b in the axial ratios a : I •. 0 ] 
and such a crystal is said to be ref&t'red to three mutually perpendieivlar 
unequal axes. The vertical, macro-^ and inicAy-axes are chosen as described 
for mono(|Jinio crystals. 

4? Tetragonal system. — Each class in this system is cltaracterised by ft 
fourfold axig of symmetry, which is chosen for the vertical crystallographic 
axis. The other two axes of reference are chosen perpendicular t-o the 
vertical axis and to one another.’ j ; 

In classes 11, 14, and 16 (pp, 52 and 53) these lateral axes are chosen 
parallel to diad»a*Xe8 of symmetry. In each class of this system a crystal facfl’ 
cutting off equal intercepts on the lateral axes is possible, but a lateral 
intercept can never equal a vertical intercept. Hence, the axial ratios a : 1 : c\ 
become 1 : 1 : c, and it is only necessary to state the* value of c when 
describing a tetragonal crystal. A tetragonal cry^il is therefore referred 
to three mutually perpendicular axes, fW'o o/ tvkich ai^ eqml to one another 
but not lo the third. # * • 

6. Trigonal Each class in this systen# is cJjaracterljed .by ft tri- 

gonal axis of symmetry. The best method of choosing the crystalltgraphic 
axes (Miller’s method) is one in which axes of symmetry are not employed, 
but, insi^e^d, three axes are chosen, symrnetrifally arranged aljout tITo tpgonw* 
axis, parallel to three possible crystal edges and not lying in one plane. It 
is possible, however, to choose the axes of reference as in the castf of the, 
hexagonal system, and sinoe this method (the BravaiS|^Iiller system) 
perhaps the simpler to follow, the former will not be discussed here. ^ 

6. Hexagonal Each of the five classes included in«this system 

is characterised by an.axis of sixfold symmetry, which is chosen as the verticftU 
c^«tallograp\fic axis. Instead, however, of Choosing two more axes of 
ference, three more a^e selected, arranged symmetrically about the vertlOW- 
axis in a plane ^erpendiciflar to*it. Thoift positive directions are regftrd^ 
as being separated bj* 120^, as shown in fig. 9.^ Ihe symbol of 
therefore, contains fow indices, which c^not, however, bo all, indepehdeftf 
• 

• - 

’ These reprfsent directions parallel to possibl^crystal edges (see j). 49). , 

® A little consideration of the propositions on p. 49 and t^e nature of a hexagonal awft 
will suflace to show that such axes may bo selected in a^pfornuty titli flio#equiremeiiMh»^ 
they shall be parallel to possiblj crystal edges. 
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of <?ne anotJer. In fact, any lateral index caii^be calcfilated frdln the othei 
two lateral indices, siuce^ the sum of tho lateral indices is zero. ^’TWb four 
.indices are always cited in th'ij order z, tp of fig. 9. 

' The simplest pyramidal face in^’an^'class belonging to this system inter- 
cepto a on the x axis, is parallel to the y axis, intercepts d on the z axis 
and c on the ?^^xi8. Hence jts symbol is (lOTl). Each of the other faces 
of this form likewise cuts off intercepts numerically equal to a on the lateral 
axes and c on the vortical axis, c never being eqW to a. Hexagonal crystals 
are therefore said to be referred to three eq\ml lateral axes inclined to one 
another at 120°, and a vertical axj,s^ perpendieidar but not equal to the lateral 
axes. The ratio eja is called the axial ratio, and must-be given when describ- 
ing a hoxagorf^l crystal. 

7. Cubic system . — Each of the five classes belpngiA^g 'to this system is 
characterised by four trigonal axes of symmetry parallel to the diagonals 
of U cube, the three mutually rectangular edges of which are taken as the 
^ directions of the crystallographic axes. In 
classes 28, 30, 31 (pp. 53-54) tho crystallo- 
I graphic axes are axes of twofold sym- 

metry ; in classes 29 and 32 they are axes 
of fourfold symmetry. In each cla^s, the 
plane which cuts off equal intercepts on 
all three axes of reference is a possible 
crystal face. Hence ctibic crystals are said 
to be referred to three equal and mutually 
rectangular axes. The axial ratios a : 1 : c, 
then, are always equal to 1 : 1 : 1 , and so 
need not be montionedd 

Hemihedrism. Enantiomorphous 
Forms. — In order to describe a crystal 
completely it is necessary to state not 
qnly its class, the system to which it 
.and the axial ratios when necessary, but also to state the various 
forms dp. 50) present. An account should therefore bo given of the 
forms belonging to each crystal class; it is, however,, beyond the scope 
of this bbok. ,It will be'^iiotioed that in each sj^stein the class e;^hibiting 
the highest grade of symmetry has been called the holohedral class. In the 
following seven sections the holohedral forms will be described, and in 
addition a few forms belonging to classes of lower symmetry will be included. 
A few general remarks upon the classes of lower symmetry may, however, 
be made at ^^his point. 

t In the first place, certain forms belonging to classes of lower symmetry 
are geometrically indistinguishable "from the holohedral forms, although 
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Fio. 9.— Hexagonal cryrft'dlo- 
graphir* axes.^ 


* It will be noticed that with subatances that cryatallisehn tho. systems of lower symmetrj 
c:«h© choice of crystallographic axes is to a certain extent arbitrary. The “setting” of s 
ci^bUI is said ‘to have been effected intdifferont ways when <\v(; observers have chosej 
different sets of axes in describing it. It has, however, been pointed out by Fedorew thatj 
from the points of view of crystal structure and (fhemical crystallography, there can onlj 
be one correct setting for any crystal— nan^ely, that in whicli tlio parametral ratios ar< 
measures of tjie dimensions of the “fepace-lattic^” framework upon Wnich it is built. 
Further, Fedorow has show,ji how the correct setting may be deduced (Fedorow, Zeitscji, 
Ktyst Min,, 19^4, *‘ 38 , 5*21 ; 1909 ^ 46 , 246 ; 1911, 400 ; Sokolow and Artemiew, ibid*i 

l9ll, 48 , S77 ; Barker, Ann. Report Chem. Soc., 1913, 10, ^38). 
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crystalJ^gr^^hically they must be regarded as differeirt.^ Otiiers may 
oonveniently regarded as aerivcd frooP hoIohcdraP forms by the aymmetrieil! 
disappearance of one lialf of the* facts, *jftid, in* accordance with this old- 
fhshioned method of deriving them, arc called hemihedral forms. A holohedl*al 
form gives rise in this way to two hemihedral forms, term^'i positive an4. 
negative respectively ; and they must bo regarded as two distinct forms, 
jfithough when their method of •derivation is lost sight of the two forms may, 
be geometrically indistinguishable.^ In cerbiin cases, however, the + and - 
forms are not geometrically identical, but are enantiomorphous, i.e. one is 
the mirror-image of thei other. Such forms lire known as eriautiomorphous 
formSf and the erystals which exhibit them are often optically aettvo.® • 
In addition to Ij,en|ihcdral forms, thero are also tetartoftedral and ogdo- 
hedral forms, derived by th^ suppression of three-fourths and seven-eighths 
of the faces of holohcdral forms respectively. * 

Cubic System {Regular^ Isometric or Tesseral). — Holohcdral class (32 on 
p. 54). There are 7 simple forms, all closed (figs. 10 to 17 respectively); 
forms i., ii., and iii. are fixed forms, iv. to vii. are variable forms : — 

(i.) The octahedron^ composed of 8 pyramid faces; e.g. spinel, 

MgO.AlJOj, 81‘senious oxide, As,,0,;. • 

(ii.) The {001}, composed of 6 pinacoid faces; e.g. sodium chloride, 
NaCl, fluorspar,# CaFg. • 

(iii.) The rhombic dodecahedron, {110}, composed of 12 prism faces; e.g. 
garnet, K”-3.R‘”.^(SiO,)3. 

(iv.) The tetrakis-hexahedron, (hkO], or four-faced cube, with 24 prism 
faces; e.g. copper {2*10}, and fluompar as {310} in combination with {001}. 

(v.) The triakis-octakedrou, {hhk], where h i.s greater than k\ 24 pyramid 
faces. 

(vi.) The Ico&itetrahedron or trapaohedroii, {/^M}, where h is greater than 
k; 24 pyramid faces; e.g. leucite, KAlSi,!^;, as {211},^nit gaajiet as {211} 
alone or in combination with {110} as shown in fig. IG. * 

(vii.) Tlie hexakis-od.ahcd.rou, [hkl], witi? 4(S pyrrynid faces, tflsually 
noticed in combination with other forms; e.g. garnet oftoif^oxhibits {361} 
and fluorspar {421}. 


^ E.g. the aihe is one form in each of tlio cla.sscs hehniging to llie cubic system; but, 
ciystallograijhically, 5 cubes, dilferuig in symmetry, must be recogni.sed. Thus a cube of 
pyrites is of a lower degree of symmeiry than a cube of rock s.ilt. SuSi ditfercncea of ' 
symmetry may at times bo readily detected by examining the action of solvents ujion^luS 
crystal faces. Etched /ywm are pioduced in this manner as definitely shaped del^iessidns, 
their configuration being in accordance witli the class symmetiy of the crystal Crystals of 
naturally occurring piinerals .sometimes exliihit on ^lieir faces similar natural maikiiigs, 
which indicate that the internal symmetry is not as higli os the outward geometrical 
symmet)^ would at first siglit simgest ; e.g. pyntes. 

® E.g, the + and - tetrahcuia (j^. 59). *They may distinguished when combined 
with other forms. \Vhert*coml)iiied b^otlier, they arc geometrically indistinguisliablo froni^ 
an octahedron. Sucli a crystal, iTowever, usually has one set of tetrahedral faces developed 
more than the other, and the that the two aots of f*cc.s differ in physical pixh^ortieS is 
often awggested by their ap|)earance ; e.g. zinc blende. 

® It is cotarnonly supposed that this opti^l activity, when limited loathe crystalline 
state (e.g. quartz), arises from an enunliomori'ious spiral grouping of the raoleculas in the^ • ' 
crystal edifice ; but tli|it in the case of a substance Rfhicff is optically netivt* in the Jitluid or 
gaseous state (or in solution) the eiiHutiomorjJliism is that of tlie aton*s within the chemical 
molecule. 
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67aw 31 (p. 54) or thf. telrdhedrite cMM.—Tbe lorms belonging to this" 
class may be derived b/,hemihedrftm from the holohedral forms. • The 



13.— TetrakVs- Fio. 14.— Tiiakk-octaliedron. Fio. 15.— Trapezoliedroii. 

hexaliedron. 



Fig. 16 .— Garnet. Fig. 17 .— Hexakis-octahedron. 

geometjrically new forms are \figs.‘'18 to 22 respectively) : <i.) the tetrahedfron 
{111}; (ij..) i\^Q^ tiialdB-tetrahedron, {M^} ; (m) ihQ deltoid-dodecah^dro^ 
{Mifc} ; and (iv.) the helaku-tetrahedron, (hkl), derived from the octahO^^lJ 
icositetrahedron, triakis-octahedron, and hextfkis octahedron respectively^ *5 




OF ELEMENT3 COMPOONfsk M 

• \ * / 

Ther« aft two of eack of the preceding forms, termed positive" and 
egative respectively^, and they may oc^ur singly ^ in combination ; in 
ij^ter case the combination is geometftoall^^ indistinguishable from a holo- 



Fia. 18.— Positive Fio. 19.— Negative * Fm. 20. — Triakis- 

tetrahedron. tetrahedron. tetraliedron. 



doducaliedron. 



Flo, 24.— Diploid. Fio. 25.— Pyritobedron. 


.Jhedral form. Figa 18 and 19 represent tfie t^o tetrahedra and show theit 
jfeometrioal relationship to the octahedron. • ^ , 

' iZinc blende, ZnS, and tetrahedrite, 4Cu2S.Sb2?l8, are eiampleS of (K); 
tefrabedrite also occurs in the* simple forms (ii.) and (iii.), ^hile diamond 
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sometimes occurs in tiie form (iv!). A Combination pf tbreeifoi^j posi^ 
tive and negative tetr^fhcdra and* cube, is often found with boracjte,* 
2Mg3lijjOir,.MgC1.2. A combinarton i)i (i.) and (ii.), occurring with tetra- 
hrf)drite, is shown in fig. 23. 

CUm 30 ^p. 54) or the pyrites class. — Tiio forms of this class may also 
be derived from those of class 32 by hcmihedrisni, but by a method diflferejyiii.-* 
from the preceding. The geometrically new forms are (i.) the dyaUsdodeca- 


I 



Fio. 26 ~Hoxagoniil bi- • Fig. 27 —Hexagonal bi- Fig^ 28. — Dihexagonal 

pyramid, first order. pyramid, second order. bipyramid. 



Fig. 29.— Hexagonal Fio. 30.— Hexagonal Fio. 31.— Dihexagonal 

prism, Jrst oCJer. prism, second order. prism. 


hedron or diploid, [hhl], derived from the hexakisoctahedron, and shown in* 
fig. 24 ; and (ii.) the peiitayoiuil dodecahedron or j^yritohedron {A/cO}, derived 
from the tetrahexa'iiedron an#l shown iit fig. 2f. These forms often occur on 
pyrites, ^08*2, and .cobaltitc, CoAsS. * • * * 

. Hexagonal System. Jlolohedral class (»27, on p. 53).— The form 
{hOhl} constitutes the hexagonal bipyramu^ of the first order, cvhictf h£W 
,12 faces (fig. 25). The hexagonal hipylamid of the second order, \hh2hl)^ also 
has 12 Jaces, but is situated '^difFdrently from the preceding with respect to 
tbe lateral ,.axes^ (fig. 27). The most general form, {hikl), is called the 
dihexageyfial bipyramid, and has 24 faces (fig. 28). 

The open ^jpsm forms corresponding with the preceding pyramids are'; 
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' .•/- ' 1 ^ 

.{lOTO}, flllD}, and {M0J» respectively, with 6, 6, and 12 faces. They afe 
shown in figs. 29, 30, and 31, termipated by 6asa/ ]^ane$ (0001}. 

, Example : beryl, Be 3 Al 2 {SiOg)g. Fij* .'12^how8 a combination of {lOTO}, 
{lOTl}, and (0001), frequently observed with beryl crystals. • 

Trigonal System {rhomhohedml). — As has been previou^^y mentioned, 
t^8 system will be referred to hexagonal axes of reference, the vertical axis 
being always one of threefold syiflmietry. 

Holohedral class (22 on p. 53). — The various forms are as follows (in 
addition to the hexagonal prism of the second order and the hexagonal 
bipyramid of the seconcP order) : (i.) the positive and negative ditrigoml 
hipyramids, [hilk] and [Jiikl] respectively, each having 12 faces; (ii.) the* 
positive and negative* t^gonul hipyramids^ {40///} and [liOhl] respectively, 
each with 6 faces, (iii.) i\\o positive and negative ditngonal 2 ^'>'i sms, {4/40}, 
and {4/40}, each with 6 faces; (iv.) the and negative trigonal prisnu, 




nft. 34.*“Ncgat.ive 
^honibohodrun. 


{lOTO} and {TOlO} respectively, eacn with 3* faces ; 'and* (v.) the ha^al 
pinacoids {0001}. It is very easy to deduce the nature of each of these 
forms. 

This crystal class is not of mifcli importance. 

Class 21 (p. 53) or the calcite class . — The geometrically new.forrM of this 
important class are as follows : (i.) the positive and negative rhonwohedra, 
,{40A/} and {047 j/J respectively, derived by ixemil^drism from the hexagonal 
bipyranflid and shown in figs. 33 and 34 ; and (ii.) the positive and negative 
scolenohedra, {4/4/} .and q/AH} resj^ctively, similarly derived from the 
dilfexagonal bipyramid. T^c p^itive form of the scalcnohedron is «hown 
fig. 35. ^ .... 

Oombinations of rhorabohedra frequently bccur. When one is positive 
and the other negative, the appearance of a bipyramid is prgientcd. Two 
positive rhombohedra, differing in axim rat^o, are often combinea on the same* 
crystal ; c.y. caldlte, CaCOg. This •mineral is also frequently found as 
rhombohedra, and as scalendhedra {2131}. 

, Class 18 (p. 63) or the quartz c/<x5*.— This clasS gxIhuilb lorms geometii- 
cally difierent from the preceding in the trigonal trapezokedra^ of which thete 
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^ four; {a) ngM positive, {hib), (i) l^t positive, {itW}, (i) r^kUnegatin, 
}, and {d) left negati'dk^ { Uhl'S . The pair (a) and {h) are enantiomorphou6 ) 
and so are the pair (c) and (rf). ’On Ihe other hand, the pair (a) and (c) are 
related to one another, like the two tetrahedra (p. 59) or rhombohedra (p. 61), 
being indistripguishable when moved out of position ; and the pair (6) and {d) 
are similarly related. Form (a) is shown in fig. 36 ; it has six faces. ^ 
The preceding forms are only known ifl combination with other forms ; 
e.g, quartz, SiOg, which occasionally exhibits the trapezohedral faces; and 
cinnabar, HgS. 

Clai& 20 (p. 53) or tourmdiine class . — All crysta^is belonging to this class 
possess a jp'olar axis, i.e. they are hemimorphous (p. 64), and exhibit pyro- 
electrical properties. The most important crystallirfe substance of this class 
is tourmaline, a complex borosilicate described in Volume IV. of this series. 

' Tetragonal System (quadratic). Holohedral class (16 on p. 53). — The 
three closed forms are the tetragonal bipyramids of the first and second orders^ : 



\hhl) and [h()l] respectively, each with 8 faces,* and the ditetragonal 
hipyrtmid {4^^}, with 16 faces. The last-nj^med is 'shown in fig. 37. The 
ewrespondirtg prisms {HO}, {100}, and {440} are open forms *)f.4, 4, and 8 
faces respectively. The remaining open form is a pair of pinacoid faces 
(known as basal planes) {001}. 

The crystals of zircon, ZrSiO^, and idocrabe, a hydrated calcium aluminium 
silicate, showp in figs. 38 and 39 respectively, show combinations of the above 
forms. The forms are indicated by the symbols on typical faces. 

It may be mentioned that iji the classes 14 and 10 (pp. 62-53) of this 
system forms occur which ' may be derived from the tetragonal bipyramid 
by hemihedrism, and which may be likened to tetivhedra either drawn out or 
compressed along '‘the vertital axis. They ’are called and negative 

tetragonal’ sphenoids, {44^} and {44/} respectively, and maybe observed on 
crystals of copper pyrites, CuFcSg, and urea, (NH^jjCO. 

Orthorhombic System (rhombic). Holohedral class (8 on p.*62).~The 
only closed foims are bipyramids (fig. ViO), with 8 faces ; the simplest or unit 
pyramid {111} contains the fitiidatiiental face, and other pjiramids {44/} are 
c^led proto-, brachy-t, and macro-pyramids, according to the axis in the direction 
of Tvhich Vhey are elongated. The prisms {440} are open, vertical four faoed 
forms, the simplest being {110} ; open, four-faced prism forms parallel to the 
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lateral aaes either hrac^domes {OH} or maorodontes {AO/}, the sirapWIt 
being {011} and {101} respectively. T^ie remaining forms consist of paiw 
of faces parallel to two axes; there are |jhre#pairs,*the basal pinacoid, {001}, 
the bi'achypinacoid, {010}, and the nma'opinacoid^ {100}. 



Fig. 37. — Ditetra- Fio. 38. — Ziicon. Fio, 39. — Idocrase, 

gonal bi pyramid. • ♦ * 


The cryntal of olivine, Mg.^SiO^, shown in fig. 41, exhibits the following 
forms : prism {p), gpyramid (o), macrodome (w), brachydomo (q\ macrch 
pinacoid (w),'bracnypiriacoid (i), and basal pinacoid (c). 

Class 6 (p. 52) is of interest as being the class to which rhombic sulphur 
belongs. Rhombic sulphur usually exhibit^ a pair of posiiime ojnd negative 



*. ' * > I 

Fig, 40.~Oithorhomlnc rm. 41.— -Olivino. 

bipyramifl® 


rhombic sphenoids, {hkl) and {AH} respectively. These sphenoids resembfe 
distorted tetrahedra, and a*re enantiomorphou^. 

Class*! (p. 52).— The crystals have a polar axis (p. 54); e.g. hemi> 
Aiorphite, Zn 2 ( 0 H)o(Si 03 ). ^ • 

Monoclinic •System {oblique,^ or monosymmetric). HoloheJral class 

(6 bn p. 52).— All the forms are open. The positive •and n^atiye kemi- 
pyramids [hkl] consist of 4 faces each. The {AAO}, and Iflinodomes, 

i[OH} consist of 4 faces, but •the positive and Tiegative oi’thodomes, {AOA), 
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COTsist each of 2 parallel planes. The basal-, orihot, and clinopinSoifjh, {001}, 
{100}, and {010} respectively, con^st ^ch of a pair of parallel faces, A 
positive hemipyramid is shown iif fig/42. 

• Examples: gypsum, CaS04.2H20 ; ferrous sulphate, FeSO^.THjO; ortho- 
claee, KAlSi^Q^. The crystal of orthoclase shown in fig. 43 is a combination 
of prism (p), bisal pinacoid (b), positive orthodome {d), and clinopinacoid 
Class 4 (p. 62) is of interest since itf gives rise to enantiomorphous, 
sphpnoidal forms. 

Triclinic System {anorthic or asymmetric). Holohedral class (2 on p. 
62). — Each form consists of a pair of parallel faedk. There are four kinds 
♦of quarter pyramid [hhl], (M/}, {Jiki) and [hli] ; two kinds of hemi-prism-, 
{hhO] and {/z^O} ; two kinds of hcmimacrodovic : \hble} and {40^}; two 
kinds of heniihrachydome, {044} and {044}; the macropinacoid, {100}; the 
orachypinacoid, {010} ; and the basal pinacoid, {001}. 



Ei^tmples : copper sulph.ate, CuS0^,5H20 ; p^tassiuih dichromatc, K^CrgOy. 
TWfe latter ft shown’ in fig. 44 (macropinacoid (w), brachypinatoU (4), basal 
pinacoid (c), hemibrachydome (4), and hemiprism (/))). 

In Class 1 fp. 62) each face constitutes a^soparate form. 


Allot jiopY and Polymorphism. 

Introductory, — If, npVm examination, two substances ‘ prove tp have 
exactly the same properties, physical and chemical, it is unhesitafmgly 
assumed that they f.lso have the same ohcmiixil composition. The converse 
not true, however, for substances may bo* che'uiically identical although 
their phypical properties are wj^dely different. O/^r^e and oxygen are cases 
,in point. It is with solid substances, however, that numerous in^tanc^ of 
this phenomeimn are to be found, bo^h among elements and compounds. 
AttentioF was first drawn to tlj,i8 by Mitscherlich,^ who showed that di-sodium 
hydrogen phosphate, Na^HPO^.HgO, can exist in two distinct crystalline 

— iL_i ! ^ 

* Mitscherlich, A7m. Chim. 7'Aya.,*1821, 19 , 360. 
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forms, • Lifter, sulphur \i*as Observed to exist in dillorent formsd Other 
examples were speedily discovered, * ‘ 

When an elumeiitary substance can exist in *nioro forms than one, it is 
said to exhibit allotropy {Ok. aUo^ another, tropos direction), the clilleitnt 
varieties being termed the allotropes or allotropic nfodifications. 
^Examples are furnished by sulphur, carbon, phosphmus, iron, tin, etc. 
In the case of compounds, hofl’ever, the term polymorphism is used. A 
substance that can occur in two crystallmo forms is said to ])c dimorphous, 
e,(p calcium carbonate; in three, trimofphous, eg. tiu-; in four, 
tetramorphous, e.g. t^mmonium nitrate"'; and so on. 

The term ‘’polymorphism” is frequently used in eonyectuTn with bo^t 
elements and comjwiftids m the crystalline state, hut it lloes not include 
the allotropy of amor|)hous substances, such, for example, as that of ozone 
or of liquid sulphur. • 

Types of Polymorphism or Allotropy. When the ditlbrcnt poly- 
morphous forms of any one substance are examined, it is found that oacli exists 
under a detiiiito set of conditions of temperature and pressure’. The ])hysical 
properties of metals, for example, aro susceptible to alteration according to 
the treatmcjft to wliich they have been subjected. Thus HeiHiy i found that 
a metal can exist m two phases —namely, (1) the liardeiicd or amorphous, 
(2) the annealed or crystulluie. The former is conveitiblo into tlio latter by 
heat, and the reverse change may be caused by pressures producing meehanioal 
flow. Kahlbaum and Kalilbaum and Sturm found tliat the densiby of a 
specimen of motf^llic wire depond.s on the tn'atment to which it has been 
subjected, decreasing in many cases as the result of compression.^ Siihsoipient 
annealing of the specimens causes a renewed increase of density. It is also 
known that the lieat of solution of a metal and its lich-ivi^ur in a voltaic 
cell depend on tlu'. treatment which it has jirevionsly unrlcrgonc ^ • 

But vhilst these may he regarded as txamples of polfmor^ihism, another 
explanation is possible, for it is very probable* that aijjjy deformation of a 
metal is a manife.st.ation of vuhing ]‘r()(liiced by unequinl strain, and •that* wiih 
the removal of the strain tlie liquid portions do not immi^liately retiiAi to 
the crystalline, solid ^>rm 

In other more (letinito inStanccs of polymorphisiiT tjie dilfei^ent varieties 
are foiUKrto'have distinct and diil'civiit physical jiroperties.* Kach possesaes 
its own crystalline form, melting-point, r.itc of exp.ansion, comliictivity for 
heat and electricity, colour, et«. ; hut although the cluaiiica^ behaviour and ^ 
reactivity are often dependent on tht> physical state of the substance, yet tlio 
ultimate products of chemical cliaiigo an* the same, as for mfampl%, in the 
combustion of the various forms of t’.arb()ii with oxygen. 

Throe classeT^of allotropic or polymorplilo sulifttanccs oxist. 

If Enmitiotropic Subsfances and Enanliotropg — 'idie dill'ercnt forms of, 

♦ ^ — ^ 

• * ^ Milsoherlich, Ann Chivi^!dv%., 1H2.3, 24, 2(34. • 

® Cohen and Goklschmnlt, Ztiilsdi. phijuikal. ('/ic7ii , 1904, 50 , 22 .'). 

®^bt‘]iinaiin, ZnMi. Krj^t.Win , 1877, I, 10(5. • 

• yVoo Roif. Aur., 1902, 72, 218; J. *S'oc Chem. M , 1903, 22, 11(36; Phil, 

Mag., 1P04, [vi,], 8, 2.')8 ; Electro Chan. 1901 3, 800. 

® Kahlbaum, J, Chim. phijs , 1901, 2, 537. ^ # • 

® Kahlbaum amf Sturm, Zdtsch. (nwni. ('hem., itiOa, 46 , 217 ; rf, Spiiiig,,/iVr'. trav. 
chim,, 1904, 23, 1. ’’ See also Spring, Iter, hnr, 19flt, 23, 1. 

* See, for cxamjile, Berthelot, Compl. rnul., 1901, 132, 2;J1. • 

• ® Johnston and Adams, J, Am^r. Chan. Soc., 1912, 31, 563; Johnston, ibid., 1‘912, 
34 » 788 . 

VOT.. T 
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many polymorphic sul>«tances can be transformed from one into t!?0 other at a 
definite temperature ami fye.ssuro kntiwn .as the transition-point, just as ice 
can be melted at O ' and water boiled jtt 100'’ under atmospheric pressure. In 
iilhstration of this the case of sulpliur may be cited. This element can exist 
in a variety Of, difiereiit crystalline forms, of wliich the rhombic and mono- 
clinic forms arc Uie most important. At temperatures above 95-5* C. t^ 
latter is the stable variety, but when the tcihpcrature falls below 95-5“ the 
moKOclinic c<;mmeiK‘os to change into rhombic sulphur. 95 5° C. is therefore 
known as the transition ttinvpcr(Hwre^ and at this point the two polymorphous 
forms are mutually transformable. 

This type o^f polymorphism is termed enantiotropic, irfasmuch as the 
polymorphous fotms arc directly interconvertibhi and eAui?)it a transition-point. 
The transition-point lies below the melting p'ant of each form. Thus, 
/uombic sulphur melts at ll^-d", mouoclinic at 119 2°. 

The following is a list of ^veil-marked eases of enantiotropic, polymorphism 
among inorganic substances : — ^ 


SubsUuicc. 

^ Form and Traiibition- Point (“C). 

Obs^ver. 

Fe . . 

a-Fe-> 0 -Fo, 770“ t 

T.immann, Zeifsrh, anorg. 


/3- 1 0 — > 7 - Ko, 800 “ j 

C/ietii., 1903, 37 , 418. 

S f 

Rliomhic-monoclinic, 95 *5“ 

Reicbei, ZeitHch Krijist. Min., 
1881, 8 , 593. 

Sn 

(jrey-> telnigonal, 20 '" J 

Tetiagonal -> rhombic, 170“ 1 

OolicK and Goldschmidt, 

NIT^NO;, . 

ZatscJi. physical. Chem., 
1904, 50 , 226 . 

,, a rhombic-> /3 rh(/iiibic, 82*2“ 

iMiiller and Kaiifmann, ibid., 
1903, 42 , 497. 


( /3 1 liombio — > rlioinboihedral, 83“ j 

Schwarz, Beitraqe ::nr KenrU- 


nis do.!' uinkehharm (Jm- 


lilu»mb(>ln‘dral — > ti'giilar, 12.5*0“ | 

u'andt anycn poLymorplun 

siit; . ‘ . 

* . ^ t 

(' liluniTlhc — > liexagonal, 114“ 

Korper, Gottingot), 18*G. 

At/iuiii, Ikziehunq zwischen 


' 

, Kry ft! all form u. chem. Zu- 

C' 


sammen set rang, Bruns- 

1 V 2 . 

Tctrilgonal -> rhombic, 127'’ 

wick, 1898, 

Reiii'lors, Zi'idsrh, physikal, * 

KNO 3 . 


Chem . 19()'i^ 32 , 494. 

llh'tinbii* ->• rlnnnbolie.lial, 129*5“ 

van Eyk, thvl., 190.5, 51 , 721. 

Agl . . 

<■’ I[f‘,\ag()nal -> 117“ 0 

Sieger, ibid., 1908, 43 , .595, 

i AgXOa . 

llliombic — > 1 lioinbnlieiiial, 159 2'- 

Sebwaiz, loG. (;<i..a]so Bissiiik, 

t 

« lf.9 7“ 

Zotsch. physikal. Ghem,, 
l" 0 (), 32 , .587. 

TINO 3 . 

Rliombic— > ilunnbolK-dr.d, 72*8* \ 

.van Kyiv, Zeitsch physikal. 

i 

Rbonibi tlit'dral regul.fr, 1 1 2 ‘S'* J 

C/i-''//i.,^i90.5, 51 , 721. a 

!_. - . 

, 

. 

t — 


^ ^ t 

^luch moire is known of th<^ relationship belj'woei^ enantiotrgpic forms tlitwi 
that between other typos of [X>1 yniori)houB foruis. 

11. Monotropid Snh-iLanres and M<motr(t)>i/ — A nifmber of substances ^exist 
in two or more forms which arc not directly intercojivertible and do dot exhibit 
%. transition- point. Thus, two varieties, called the a- and /J-forms, of iodinb 
monochk)ri(lf‘ arc knowm, of wfiich a-l(d*molts at 27 2" and Cl at 13'9'’, the 
former bping tbs' s*tablo variety at ordinary teuqieraturo. Six varieties of" 
. • ' , " . 

* See also Tdnim;iiin and Huttner, ZeiUch. anorg, (JJiem., iy05, 43 , 217, 
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suljfihur ar^ known which «tiro not reverwibly transformable one into another^ 
in addition to the two well-knowy einfntiotropio forms. The polyinorphisih 
in those eases is said to be mojiotropic, or iSrevei-siblc. 

It is possible that in the majority of cases monotropy arises from the ftict 
that the transition-point is higher U»an the melting-point el* either of tho 
polymorplious forms at atmospheric pressure ; and it is conceivable that by 
raising the pressure enantioti(^py miglit be induced, hi that case the same^ 
pair of polymorphs would exliibit monotropy or enantiotroiiy acoording tathe 
pressure obtaining at the tiine.^ ^ 

III. Dynamic AllotrSpy.— In tlic two preceding cases of solid polymorphic 
forms, the vari(5us varieties cannot exist in contact (exci'pt at transitioif- 
point), one form ahwifs being stable, and the other, the metasLable, tending 
to change into it. Quito clitFerent, however, is tlie behaviour of the two 
liquid forms of sulphur, known respectively as and which exist togethfir 
in equilibrium in definite proportions dejiendmg on the temperature.'^ The 
phenomenon is known as dynamic allotropy. 

These two forms of liquid sulphur, of which is yellow dnd mobile, and 
brown and viscous, aro present in molten sulphur, the amount of being 
small n^r tltc melting-point, but rising steadily with the temperaturo to a 
maximum of about 34 per cent at the boiling-point. The percentage of 
when e(]uilibrium has been attained is as follows: — 

t" 114-5“ 130° 140“ 154“ 11)7“ 

Sm 3*7 4-3 5-6 7-5 l()-7 * 

The freezing-point of sulphur accordingly varies with both the nature of the 
solid phase that separates and the percentai^e of 8^ in the lapiid. Unless the 
litpiid has been kept near the freezing-point for a sufficient Ictigth of time to 
enable equilibrium to bo established, tlie percentage of* the Sm contained by 
it will vary according to circumstances. Wdiis type of alh^^ropj^ is due to the 
existence of molecules of difl'ercnt complexity. ^J'hus, injl^he case of sulphur, 
Sa probab^ corresponds to the molecuh' 8^, and to*S^.'‘ • 

Determination Transition-Points. — All metlK^Js proposer^ for 

the determination of^ transition-points dej^end on the study of some- parti- 
cular physical property of tluf substance, which jnidefgqes a nuyked change 
when the frabsition-point is reached. * * 

, 1. The Cooling Carve Method . — If water bo continuou.sly cooled and tho' 
temperature be plotted against, the time, tho cooling cur^e so obtained 
(fig. 45) will show a horizontal portion where frei^zing occurs, corresponding 
bo the fact that the temperaturo remains constant during a chaTigc f;f state. 

Since at the transition-point a change of state also occurs, from one solid 
bo another, a cdqling curve of similar forift maybe expected, in which the 
horiifthtal portion will mark the transition-temperature. Such a curve 


► • ^ Lelmiaiin, Moleknlarpkysdc 188.S), vol. i. p. 194 ; O.stwald, ZcUs9h. physikalt^ 

Ohem., 1897, 22 , 312 ; Schaurn, Die Artni dcr (Marburg, 1897). 

2^Smith, ?roc. Roy. Soc.%Min., 1902, 24 , 342; Smith and Holmes, Zedsdt. physihU, 
Sherri., 19p3, 42 , 489; Smith, Proc Roy Soc. Ediu., 1905, 25 , 588 and 590 ; Smith, 
Holmes, and Hall, Zeitsch. physiJent. Chemr- 1905, 52 , (> 02 ; J. Amer. (^em. Soc., 1908, 
? 7 , 797; Smith and Holmes, Zeitsch. physikuL Chem., 1906, 54 , 257; Hotiniann and " 
iothe, ibid., 1906,^5, 113; Smith and jjav'.on, Proc. Roy. Soc Eden., 1906, 26 , 362 j- 
])arson, J. Amer, Chem. Soc., 1907, 29 , 499; Snath and Carson, Zgit^'h. p^ystkal. Chem. 
'907, 61 , 200 ; Kruyt, ibid., 1908, 64 , 513 ; Smith and Carsj^ii, ibai., 1911 77,t]61, - ^ 

• * Preuner and Schupp, Zeitsch. j^hysikal. Chem., 1909, 68 , 129 ; Beckmann and Lie^clie, 
kitsch, anorg. Chem., 1913, 85 , 31, See Turner, Molecalar Association (Longmans, 1945), 
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is seen in fig, 46, which represents the results ^obtained by ^smend,' in 
determining t!ic transition-points ^pf tlic idlotropic forms of iron. 

The dotted portion on the curve in fig. 45 represents a temporary state of 
supercooling j)i’cvious to the separation of the stable phase. This super- 
cooling often (Tjcurs during the proccvss of finding both freezing-points and 
transition-points. 

2. The Dilatometr'ic Method . — In this metl^od the rate of expansion with 
tem|jerature is noted. The substance is contained in a dilatomoter (a glass 
bulb with a long capillary ste>>i), and covered with a li(piid in which it is 
relatively insoluble. The stem is calibrated, and the rate noted at which the 
liquid expands ^ the dilatomoter is slowly heated. At the "transition-point 



there is a mark('d change in the rate of expansion, as indicated by *1110 portion 
BO on the curve {fig. 47). Observations are ixipeated as the temperature slowly 
falls to the initial value. 

A lag in undergoing transformation is usually observed, duo to super- 
heating 'when the temperature is being raised, or to supercooling if the 
temperature is being lowered, so that two branches, AiKJ and CDA, are 
obtained from which the inilaii value of the transition-point calculated. 

3. The E.M.F. Method. -\i two pieces of thQ_same metal in thcr same 
condition are immersed in av electrolyse and' the metals connected together 
so as to ‘'form a closed circuit, no current ‘);jass*8, the E.M.F. of the (fell 
being zero. If, however, the pieces of metal exist in diftcrent polymorphic 
forms, the cell has a definite, though small, J'l M.b\ At the transition-point, 

“ ^ Osnvond, hicrographiscltr. Analyse der Knen-Kolthnsto§leqierunyen (Knapp, Halle, 

1906). tins senes, Vol IX 1'he view that iron can exist in thrive allotropic forms is 
by no means univei'-altY accepted, and has been made, the subject of i onsidi rable discussion. 
See fiened' ska, J. Inm Sled Inst., 1912, II , 242; 1914, I , 407 ; Carf.eiiter, ihid., 1918, 
I , 815; Honda, ibid., 1915, J., 199; Honda and Takagi, ibid., 1915, II., 190 ; Heme 
MU’dhirgie, 1913, lo, 1326 ; Burgess and (’rowe, J. hFashmyton Acid. Sci., 1913, 3 , 3^9, 
Also the General IJiscUbsion by the Faraday Society, November, 1915. 
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however, wiLere the two fojms are in equilibrium, the difference of potential 
between each metal and the solution the sanw?, and, since tlio potentials 
act in opposite direotions, neutralise eac^i otlihr, the E.M.F. of the cell 
becoming zero. • 

Cohen and van Eyk^ determined in this manner the traiksitiun-point of 
grey tin into the white or tetragonal variety. They employed a cell contain- 
ing a strip of white tin and •one of white 
tin whoso surface had been transformed into 
grey tin, the electrolyte in the cell being 
ammonium stannic chl<?ridc. Tlie cell was 
immersed in h batli the tem|)orature of 
(vhich was altered* #ntil tlie 1*1. M E. was 
zero. * 

Othei’ methods ({e])c'nd on a determina- 
tion of the solubility (sec p. 105); noting 
a change of colour, as in the case of 
mercuric iodide; watebing, under tlie mic-ro- 
scope, a change in crystalline form (tlie 
so-calh'd oi)t4cal methods) ; ineasnring the 
vapour pressure, as with salt hydrates; 
or determiniu|,' the conductivity for lieat 
or electricity. 

Analogies between the Melting-Point and the Transition- 
Point. — The analygies between the imdting-point and the transition point 
may be stated as follows : — 

1. The transformation occurs at a perfectly detinite temperature in both 

cases, and marks a change of stat<! in eithei*case. • 

2. both UK'lting-point and transit ion-jioint depend yn the ])n'ssnre. 

An illustration of tins has already *been given ^n fonncction witli the 
melting-point. The following table piov.des.a similar illustration of tho 
effect of [Ircssiiro on the transition-point ofViombic amf monoelini* siiljihur.^ 


Transition-rcinl. 

• Prev^uu*. 

Trausili(m-]M)n|t. • 

Piossur*. 



• • 


95-.V’ 

1 atinosjdieio 

120 01“ 

C38 kilos, jmr 8<!|. cm. 

100 ir 

123 kilos. {)(•' S(p ('lu. 

140 r 

1108 

110 11“ 

.391 

150-1" 

13^ 

. • - . * — 


The transitjon-point. IS like tlie melting-point, either raised or lowered, 
accqj'diiig to cifeumstances. In the eaM* of ^ilplnir, iron,'* mercuric and 
silver iodides, tho transi-don-point is raised by increasing the pressure. On 
tjjie other hand, th?tt of /?-rh^mbie .mimoniuM nitrate iftto the rhornbohedral 
'form is, like the melting-point? of ice, lowered by pressure. • , 

3. Heat is absorbed 'ir evolved at the Jransilion-point according to the 
directioi* of the change. The form stable at the liiglier temperature always 


^ Cohen and vati Eyk, Pror. K. AkaiL ird*%srhTAmAenlain, 1899, 2 , 77. 

® Taniniann, JFiai, Annnlm, 1899, 6o, fi33. ^ 

® For iron, aee Taniniann, Z- Asrh. anorg, Chan., 1903, 37 , 44ii ; fof myciiric iodide, 
•Lussaiia, Nuovo Cmento, 1895, [iv.], I, 405 ; foi silver loif id e, Tan'iniaun, Wud. AmaUn^ 
1^99,68,633. 



Kid. 47.-— iHlutornotru’ deleiniina- 
tion of transitiun-point. 
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passei? into that stable at lower temperature with evolution of hfet {see ie 
Phatelier’s Theorem, p. 1T8), and the reverse occurs during the heating 
process. Evidence of these 'facts fs afforded by the horizontal portion always 
observed in the cooling curve. When p-Yo passes into a-Fe, a considerable 
amount of heat is disengaged, and the transition-point is widely known as the 
recalescence point. There is therefore a latent heat of transformation just a^ 
there is a latent heat of fusion.^ ' 

4. Both melting-point and transition-point are affected by the prosouce of 
foreign substances, being as a rule lowered thereby. The presence of carbon 
in iron thus lowers the transition temperatures of (caU)on) steels. 

Moreovei^’ the extent of the depression depends on the nimiber of foreign 
molecules present, and not on the kind." * > 

Difference between Melting-Point and Transition-Point.— Any 
difference between melting-point and transition-point lies in the fact that the 
rearrangement of molecules of a solid consequent on a change of crystalline 
form must necessarily be slow compared with the rate at which a solid passes 
into the liquid form. It is well known that a licpiid can bo cooled consider- 
ably below its normal freezing-point. In like maniuT, moiiocliiiic sulphur 
may be preserved for some time at temperatures far below its transition-point, 
and the same holds good for other substances, esj)ecially if cooled rapidly. 

Any substance cooled below its transition-point remains 'for a time in 
what Is know'n as the metastable state. Before the stable vari('ty can be 
produced, the substance must pass fbrough the unstable siatc, which can be 
best brought about by the addition of a trace of the form which is stable. 
The previously suspended transformation now immediately begins, for the 
metastable condition cannot bo maintained in the presence of the stable phase 
of the substancev Transition frotii njonoclinic to rhombic sulphur, on cooling, 
can therefore be assistf'd by the addition of a small amount of the rhombic 
form; as also the 'transformation ( of white into grey tin, which otherwise 
occurs only very slowly, at ordinary teinpciratnres by adding a trace of grey 
tin. Not only may monoclinie sulphur be kept for a prolonged peiiod below 
its transition-poii'o without change occurring, but rlmmbic sulphur may just 
as readily be maintained above the transition-point witliout the transformation 
into mcfiioclinic sulphur commencing; and this superheafing is not peculiar to 
rhombic suljdiur alone, but is exhibited by other substances. The s’uperheat- 
ing of a solid above its melting-point, however, is of very rare occurrence.® 


Chemical Ckystallography. 

Isomorphism. Introductory. — That different cliemical entities 
freijnently' yield very simibir kirids of crystals has been l«iown for paany 
years. Thus in 1772 Ilom^de TLsle was aware that.mixod solutions of cbpper 
and ferrous sulpliatcc will crystallise after tlici same forn as those of pure 
Peifrous sulphate, whereas a pure copper sulphate solution yields crystals of ' 
quite a different shape. In 1784 Leblanc drew attention to the fact that 


, * See Hiittner Sed Taniinann, ZcihcK anorq^Chem., 1905, 43 , 215. 

* Ldwen'iierz, Zeitsch. phiinkah Cliem., 1‘695, 18 , 70 ; Dawson and Jackson, Trans. Chem. 
Soc., 1908, t; 3 , 844. 

® For a liisclissioiY of polymorphism from tlic point of view of the Pliase Rule, see 
Findlay. The Phase Itule (Longmans & Co ), 3ra edition, 1911. The reader may alsc^, 
ijonsult Julius Meyer, Die AUotrojne der chennschen EleifieiiUt Stuttgart, 1910. 



Orysialr: oitjuwhmsiuuj aiunginium snipnato may contain considerabie qtiantj[tiC|a 
of iron and yet retain the same cry^falline form*; and in 181G Gay-Lu&&kO 
Daade the remarkable observation that a ci^stal of potassium alum will grow 
readily in a solution of ammonium alum, from wliicli he eoneluded that tfcte 
molecules must have a similar form. In 1810 Killiardt iMifscyrlieh,’ after a 
careful study of tlio arsenates and phosphates of certain metals, eiiunci- 
^ed his famous Law of Isftmorphism, according •to wliich substances 
possessing “an equal number of atoms united in tlie same manner,” oxhibii 
complete identity of crystiillino form This law was at vaiiaiico with the 
current view, originateiP by Haiiy in 1784, that every substance of definite 
chemical composition is distinguished by its own particular crystalline forint* 
and it was soon fo*nti that Mitselierlich’s law was only apf^roximately true. 
Thus Mitscherlich himself *had observed that the charactoristie angles of di- 
arnrnonium hydrogen orthopliosjihate, (Nn^)oHrO^, and the coi respondiifg 
arsenate, diltered by more tliay one degree, and numerous 

other examples of a similar nature were rai)idly discovered. It lias now been 
completely established, mainly throiigb the extensive reseaildies of Tutton; 
that ffauy’s hyjiothosis is [lerfc'ctly correct and that all the so-called iso- 
rnorphous sfibstances exhibit definite difibronccs, althongh^in many eases 
these differences are relatively small. It has further been shown that these 
differences ar(? functions of the atomic wcaghts of the cleiiK'iits concerned. 
At the same time Mitscherlich’s princijile of isomorphism, with a not too 
rigid interpretation, has proved, as will be seen presently, of gioat vsiliie to 
chemistry. , 

Recognition of Isomorphism.— 1 fad the early belief of Mitscherlich 
that isomorphous bodies possess identical crystalline form proved to be 
correct, tlw^ recognition of isomorphism would have been ait easy task ; but 
from what has been said it will be evident that a iiiov-^ study of crystalline 
form cannot of itself determine i3omorphis#u. Thus, life a.fini(n^imii phosphate 
and arsiMiate referred to above are regardc^ as isomoryhous although their 
characteristic angles exhibit a diHenMice ol more tiupi one degree* 0,n the 
other hand, sodium nitrate and ealcitc have nearly the sam? crystallogr;ff)hio 
constants, but are not^nsually regarded as isomorphous Similarly, substances 
crystallising in the regular sfsteni have the sarye cr^stariographic constants, 
but are ndt tt) be regarded us isoiiioiqilious unless, like tfie alTims, they possess 
a similar chemical constitution. Again, it does not follow that substances 
must contain the same number of atoms in their moh'cules^in order to be 
isomorphous, as was originally jtostuiated by Mitscherlich. The ammonium 
salts, which have been made t!ie subject of caieful study hj Tii#ton,® are 
cases in point, for “the replacement of the two atoms of potassium by the 
ten atoms of tli^ aimnoniuin groups is ace^mipaniied by an ellbct but slightly 
grciit^r than that produ(y,al wlien two atoms of rubidium are substituted for 
those of potassium.”'^ ^ _ 

• * The question iiaturayy i^rises, therefore, as to what criterioii is to 


^ Mitscherlich, Ann. Chim. rhys., 18‘2(i 14 , 172; 1821, 19 , 850; 18^3, 24 , 2<)4. 

* Tuttoii, Crystallography and Vradical Cnjs^al Measurement (Macmillan ii,Co ), 1911, 

p. 5. • • * • ^ 

* Tutton, Trans. Chevi. fioc.. 1894, 65 , 628 ; 1903, 83 , 1019 ; V9qf), 87 ^ 1 123 ; 190?, 89 , 
■1069. See also Murmanii and Rutter, Sitzungd)er. K. Ab^d. Wis^. fVirn, 1«)8, 

S^OpsOe and Chri.stiaii.sen, Ann. Chim. Phys., 1874, [v.], i, 5; Poriut, Anh. iicL ^hy$, 
fiat,, 1891, 25 , 26. * * Tutton, 2'rans. Chem. Aoc., 1903, 83 , 1073. 
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adopted in order to roco^icuise isoinorphisra. Accord in g*to Kopp ^ aiffl Rutgers,’* 
two or more substancos ar^e to })e rof^ardcd as isoniorplious when they are 
capable of yit'ldirig mixed — that is to say, crystals in which the 

components may be made to occur in varying proportions. It is not usually 
possible to ob^iin a complete series of mixed crystals of any two isomorj)hou8 
substances, but it is often possible to obtain a limited series. This is th^ 
case with the chlorid's of potassium and animonium, mixed crystals being 
obtiijinable only when one of the components is in considerable excess of the 
other. The sulphates of potassium and ammonium, on the other hand, yield 
a very complete series of mixed crystals, which is a^l the more remarkable 
if.asmiich as' in ammonium sulphate the ten atoms of the t\vo ammonium 
groups are eipiivMent to the two potassium atoms in pc/ua/.sium suljihate. 

It is not to be supposed that mixed crystals are mere mechanical mixtures, 
f<ff the recent work of dossner’’ ajifiarontiy proves the homogeneity of their 
structure, a conclusion that lij.id already been indicated by the researches of 
Wulff;** but Gossnor draws attention to the close connection existing between 
the power to form mixed crystals and the molecular volumes of the sub- 
stances, and it appears that in an isornorphous series of substances only 
those members yield mixed crystals the molecular volumes f)f which are 
closely similar. I^vidently, therefore, it is possible to have, on the one hand, 
isornorphous substances incapable of yielding mixed crystals and, on the other 
hand, mixed crystals from substances that are not truly isornorphous. Con- 
sequently Kopp and Itetgers’ criterion is inadc(juato, and, according to Tutton, 
“the term ‘isomorphism’ has remained to indicate the general similarity of 
the forms of the crystals of similarly constituted chemi<;al substances, the 
simil<m.iy of chemical const itntioJi heiny, indeed, iho only criterion of isornorjthism 
ivhich has rermv ned valid f ^ This opinion, however, is not endorsed by all 
crystallographers, some of whom arc ])re]iared to regard substances as being 
isornorphous wjthoitt nh'iking any reference to their chemical constitutions.^ 

But exceptions tq Kopp awd ^Ictgcrs’ rule are relatively uncommon, and 
in the absunce of any d;rect chemical evidence, the [>ow’er of fornnng mixed 
crystals or of exhibiting isornorphous overgrowth (vidi^, infra) may be taken 
as indicating is()tnor[)hism. As recognised in this way^ isomorphism has in 
the^ pa'fit proved very Keljiful in determining 'atomic weights (ride infra). 
It is usually considered necessary that two substances should ’belong to 
the same crystal system before they can be regarded as isornorphous, but 
they need not pf necessity belong to the sane class. In exceptional cases, 
however, it is possible to make out a good case for the isomorphism of sub- 
stances b<- longing to different systems.^ 


1 Knpp, Her., 1870, I2, 868. 

® Retgers, Zcd^ch. physilal. Chnn , 1889, 3, 497. Seeals^Miis numerous later papers in 
the same jonriifil duvingrthe years 1^89-96 •. 

® Gossnei^ Zeitsch. Kryst. Min., 1907, 43, 130. 

^ ^ Wuhr, Zeitsch, Kryst. Min., 1906, 42, .'>58. 

® Tutton, Crystalline Structure ard Chemical Consiituiion ^iMacnniian & uo.), lyiu, 
p, 6. The italics are ours. 

® K?ee, e.y., T. V. Barker (Trans. Chem. Soc^^ 1912, loi, 2484). It is then found that 
^lilo ill the niaj61ity of cases isornorphous substances have equal numbers of similar atoms 
in their nioleculf'S, e.g. K.2SO4 and kb.,fe04, In a nyrnher of cases the molcSiules contain equal 
imniberH ordissiniilar atyms, e.g., Kl()4 and CaW04, NaNOgand CaCO,, CuTiFfl.4H20 and 
CuCbOl'^r, 1II_jO f and In other cases the molecules do not contain equal numbers of atoms, 
e.g {NIl4),S04 and K2SO4, (NIi:;).,Se04 and C3.2llgl4, MnCh, 41120 and NoaGlF.. 

’ Fedoruw, Zeitsch. Kryst. 3fin., 1913, 52, 11, 97. *' 
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isomoi^hous Overgrowth.^—Montion has already been uiade of 
Oay-Lussao’s observation that a crystal* of potasaiftrn alum will readily gtow 
in a saturated solution of ammonium alumund retain its same I'haracteristic 
shape. This is known as isomorphous overgrowth, and was regarded by Kopp * 
as a reliable test for the isomorphism of any two or more sub^^arices. Like 
the power of yielding mixed crystals, however, that of exliibiting isomorphous 
ovL^rgrowth is possessed by bodiT;s wliieh are not necessarily isomorphous, but 
which have almost identical molecular volumes. Consequently tin's test is 
insufficient by itself, although in certain cases jt may prove very useful. 

When the molecular \oIumcs of two isomoiqihous substances arc approxi- 
mately equal it’is possible to obtain regular or “jiaraller’ groT.ths of on® 
substance upon tlie litlter. For examph', wlicn a droji of a s.'fturated solution 
of potassium permanganate Is placed on a jierfectly clean face of a crystal of 
potassium pcrcliloiato and allowed to evaporate, numerous minute crystaM 
of potassium jiermnnganate arc observed form, having their corre- 
sponding edges arranged as neaily paralhd to one another and to the 
corresiionding edges of the perchlorate crystal as it is ]) 0 .s 1 iible to expect 
when the slight angular diil'erences between the permanganate and per- 
chlorate are fccalled • 

The formation of isomorphous overgrowths or regular growths, then, are 
valuable indications (»f the existence of isomorphism. 

Isopolymorphism. — It has been already observed (p. 05) that many 
substances are cajiable of existing in a variety of crystalline forms. Kow, it 
frequently ha[)[)ens jLhat two or more polymorphs of one substance arc iso- 
morphous with those of another. This phenomenon is Known as isopoly- 
morphism. Wlien the number of isomeric polymorjihs is two, the term 
uodimorplus7a is usually employed ; if three, iso(rinio7-i>/ihmf As might bo 
cxjiected, i.^odimoiqilnsin is the most usual typo of is(ki)()lymorphism, and a 
good example of this is affiordod hy arseiiious and aiitiimfliioi^^ oxides. P'or 
a long time these were only known in ong hnan, eael^ and were not iso- 
morplious,*the arsenioiis oxide occnrriiig in octahedraa.'^the mineral 
and the antimonious oxide in rhombic crystals as the rmncmfvalf'itfmifc.* In 
view of the close chc^nieal similarity between the two oxides tin's appeared 
remarkable, and it Avas to be firesnmed that othyr vai^cties of the two oxi^jes 
existed isofnolphous with those then known. In 18.32 "CVhdifer observed that 
arsenious oxide in the sublimate from a cobalt roasting furnace sometimes 
occurred as rliombic prisms, isomorphous with the usual rhom|^ic antimonious 
oxide. Claudet likewise found the .same modification in a Portuguese mineral, 
now known as claudetite. Finally, the mineral nciuii-'immtite w^s dilcovered, 
in which antimonious oxide occurs as oetahedra, isomorphous with arsenolite. 
The two oxides ?ye therefore isodimorjihous? • 

Ah'good example of jsotrimorplnsm is afforded by the dioxides of tin 
(SnO.,) and titanium, (TiO,^). « ^ * 

• • Isomorphous SerietS.— Il'^huneuts that replace one aiiothir isomor- 
phously in their compounds are termed “isomorphous elements,” althougti 
it often happens that \ho free elements tlTemselves are not isomorphous. 
Adopting this convention, it is poi;^ible to arrange the elements into ten 


^ Interesting contributions to this subject have been made bjr J. V., Barker {Trans. 
Chem. Soc., 1906, 89, 1120; Mnu 1907, 14, 235; ^908, 15, 42), »nd»for further 

infonuation the reader is referred to his papers. 

. ®Kopp, i&tfr., 1979, 12 , 868. 
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isotttorphous series. The following is Arzruni’s*# arrangement Tvitlf one or, 
, two additions : — 

J. H, K, Rb, Cs, (Nlf,), Tl; Na, Li, Ag. 

TI. Bc,.Zn, Cd, Mg, Mn, Re, Os, Ru, Ni, I*d, Co, Ft, Cii, Ca, Sr, Ba, Pb. 

III. La, Ce, Pr, Nd, Sin, En, (Jd, Tb, \)y, Ho, Y, Er, Tm, Yb, Lu, Bi 

IV. Al, Fe, Cr,*Co, Mn, Ir, Rh, Ca, In, Tl. 

V. Cu, llg, Pb, Ag, All. 

VL Si, Ti, Cc, Zr, Sn, Pb, Ce, Th, Mo, Mn, IJ, Ru, Rh, Tr, Os, Pd, Pt, 
Te('0. 

VII. Nr P, As, Sb, Bi, V. 

VIII. Nb, Te. 

IX. S, Se, Cr, Mn, W ; To ('!), As, Sb. 

X. F, Cl, Br, I, Mn, (ON). 

It will bo observed tlult all the best known elements are included 
in this classifivy-tion, save oxygen, carbon, boron, and scandium. Several 
of the eleiiKiiits a])pear in two or more series. Manganese is a case 
ill point, occurring in series II., IV., VI. , IX. and X., sincQ its variable 
valency allbrds it special facilities for yielding different types of chemical 
compounds with corrcspondijigly different crystalline strflictiires. Thus, 
as divalent manganese in MnO we have isomorphism with CaO, FeO,. etc. 
Trivalent inanganese yields alums isomorphous with those containing 
alumifiium and ferric iron, and so on. Further, the above grouping affords 
■considerable siqiport to the usually accepted periodic drfangeincnt of the 
elements (see Chap. VIII.). Thus, the inclusion of silver in the first group of 
the periodic tf^blo is supported «by the isomorphism of the sulphates and 
selenates of sodium and silver;'-^ the isomorphism of the chromates and 
sulphates of sover^jj! Wctals justifies the incbision of chromium in the si.xth 
group along \Cth sulphur; and finally fhe isomorphous resenildaucc between 
KCIO^ aii^l KMnO^ indicates thaff manganese is correctly placed in ttie seventh 
group along witl^ the litdoaens ^ 

Isomorphism and Atomic Weights.— A study of isomoiphism may 
be of assistance in* det,ennining the atomic wgight ol* an clement when its 
equivalent weight is known. * Thus, for example, knowing the atoiwic weights 
of potassium and oxygen, analysis shows that the formula for potassium 
selenate is K.,Se„0^, wIku'c n is unknown. 

Mitscherlich concluded, however, that potassium selenate and sulphate 
are isoraorpho>,is. From this it follows (knowing tlie formula for potassium 
, sulphate; that in the former salt ?/ = 1 , only one atom of selenium being 
present. The formula is thus K.^l^eO.^. Now, simple analysis shows that the 
salt contains 28'92 per cent, of oxygen and 35'79 per ceht. of selej^ium. 

i» 35'79 

Hence for every 61 parts of pxygen (4 atomc) it contains 64 x ~ = 79*2 

parts of seV'in'um (one atom). Thus the atomic weight of selenium is 79‘2. 

Classic examples of the application of the law^of^ isomorphism to atqmio 
weight determinations are afforded by lioscoe’s correction of the atomic weight 

^ c- 

^ Arznihi, PhysikaJ isf'kc Chcniic der KrystalP, Vieweg, 1893 ; Groth, Ainleitung in die 
ehemische KeysthPographie, boinzig, 1904. 

•'Mitschci'lich, Pong. Anwinm, 1828, 12, 137. 

8 Mitschorlich, ibid., 1832, 25, 293. 
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5 of ■■vanad’un#(se0 Vol. Vl.)^nd Lecoq de Boisbaiidran's determination of ' 
-atomic weight of gallium (see Vol. IV.).* 


Barlow and Poph’s Theory of Valency. 


. ■ f/The researches of Sollas ^ hav^o considerably widened our knowledge of the 
intimate structure of crystals, and paved the way foi'^ the enunciation by 
Barlow and J*ope of a crystallographic theory of valency, which may ‘be 
conveniently discussed a|^ this point. According to Sollas, the space occu- 
pied by an atom of an element has the form of a solid of ^revolution, 
being in most cases spljcrical. On the outside of this atomic space a force* 
of attraction exists, ^ hich t(;nds to draw all other atoms towards the space ; 
but such atoms arc assumed to be incapable of penetrating or invading the 
atomic space by virtue of a repulsive force or pressure within, lupnlibriuncf 
between the atoms of ditlerent elements implies# the formation of a definite 
chemi(!al molecule, and such molecules are largely dependent for their shape , 
upon the number of their constituent atoms. Molecules containing similar 
numbers of atoms may thus be ex])ected to possess similar configurations and 
hence exhibit Certain crystallograpluc connections, yuch, for (Sample, is the 
case w'ith tin? diiitomic chlorah's of sodium and potassium, which crystallise 
according to the cubic system and are characterised by cubical cleavage. 
Triatomic molecules, such as calcium lluoridc, (kiF.,, belonging to the cubic 
system exhibit octahedral cleavage, thereby indicating a diilerent molocular 
structure. • • 

Barlow and J’ope^ have developed these ideas more fully. By a crystal 
they understand “the homogeneous striictiye derived by the syinmcLvical 
arrangeuioiit in space of an mdefinitely large number of spheres of atomic 
iiiHueiice.” Tlie attractive forces acting between the^Aloms will cause the 
atomic spaces to lie in contact with one aiff)tlier at the mafiimvn number of 
points, andjthe atoms composing a chemical njoleeule will#in eonsequeneo, be 
as closely pack{ 5 d together as possihh', while the molecules themselves .will 
also pack closely togetlyr into the minimum compass. When anumhei*of‘ 
similar bodies are pack^’d with maximum closeness, th^ aye usually foi^id to 
have assumed a homogeneous {irrangemeut. It is reasoiiiihle to sypposo tbg,t 
crystals represent homogeneous .structures of this kind, Ehe units com- 
posing them consisting of atoms and molecules, and hence that these molecfllar 
structures coincide in symmetry •argl relative dimensions witU the observed 
crystalline structures of the crystals. This is a most important assumption, 
inasmuch as theories regarding the arrangements of the atoms a*iid mbleeules 
thereby admit of being phecked quantitatively by reforciice to orystallo- 
^raphie, constants* * • 

TlTfe particular constants utili.sed by Barlow and Jkipe are termed 
equivalence parameters. They fire denoted by#.r, y, z, i*id defined by the 
equations • ^ • 


= J r-7, - . - , y Ab and z - cy , 

V c sin a . sin b . sm y 


^ Sollas, Proc. Mmj. Soc., 1898, 63 , 2/0 ; b 02 , 69 , 294 ; 1908, 80 . A. 267. 

® Barlow and Pope, Trans. Chem. Soc., 1906, 89 , 16/5 ; 1907, 91 , IloO ; 1 ^ 08 * 93 , 1528 ; 
mo, 97 , 2308 ; see also .Taeger, ibid., 1908, 93 , .517 ; Jeiu?alein, ibid., 1909, 95 , 1275; 
Ariustrojig, 1910, 97 , 1578. * 
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where a, \ c, a, yff, y are the crystallographic constants defined fn U^e usual 
manner so that 6 is equal*to unity (ff. 49), and W is the valency volume of 
. the molecule.^ * * 

• The factor W, or valency volumo, requires further definition. It is here 
that Barlow and Pope introduce a geometrical conception of valency. The 
sphere of infiiienco of each atom in a molecule is assumed to be proportional 
to its valency, and i» spoken of as its valouc^^- volume. Thus, the sphere^of 
infljience of each univalent clement, such as sodium, potassium, chlorine, etc., 
is represented by a spliere of^unit volume, although, as Barlow and J’ope 
show, the splieres of influenco of cqui- valent elements arc only approximately 
tqual. Oxygen, of valency two, is represented by a sphere' of twice, and 
carbon by a splil^re of four times, the unit volume ; afiA so on. The valency 
volumo of a molecule is the sum of the valency volumes of the constituent 
atoms. In double salts a definite relationship obviously holds between the 
valency volumes of the several component parts and between that of each 
component and the total valomiy volume. Tlieso relationships in general are 
very simple. The alums provide one such example : — 

W. W (total). 

K,S(.V A1.,(S(),,)3. 241 1., 0. 12 + :i(; + 9f; - *144. 

(Nl[,).;SO^. A1“(S0,)3. 2U1.“0. 24 + 3()t-'.)() = 156. 

It should bo emphasised that it is the relative volumes of the spheres of 
atomic influence of the atoms in a molecule that are siqiposed to be approxi- 
mately pro{)ortional to the valencies of the atoms, the absolute magnitude of 
the sphere of influence of an atom changing considerably^ according to the 
molecule in which it finds itself. 

The comparison of the erystayine structures of chemically allied substances 
is termed morjfliolropi/. The comparison is usually carried out by reference 
to the topic axial ^ of allu'd, isomorphous substances. Barlow and Pope, 
however, compare rhe c<n(iv<tleH(y ffaraineteri<, even when the allied substances^ 
are not ^isoniorj>liCA(.s, proviiledithat the corresponding axial angles ilo not 
differ greatly, ^'hey Knd that when alliial substances are thus coiiqtared, the 
corresponding equivalence parameters are frequently*, very nearly equal. In 
the a^isence of an.eqi^illy good e.xample amongst inf»’’ganic substances, the 
diWba for camphj^r and a number of its derivatives, as given yyjlarlow and 
Pope, may be quoted : — 


# 

• 

X 

y 

z 

Camphor 

2 9943 

3-4577 

5 6021 

a-(lihvomocamphor . * . •. 

2'99.')9 

3*4949 

. 5 fi395 

i8 (liluoniocamiihor . 

3-0107 

3-4832 

* 5-530S » 

n-TT dibruniocamphoi 

2-9498 

*•4400 

5-7156 ' 

/3-monobroiuofamphor « 

2-9084 • 

3-5382* 

5 6363 

t 

t\ 

t 



^ If diiAaiuics ?/, z be nieahUied along the crysUllogftij((nc axes and regaided as the 
Ooterminous edges of a parallelopiped, the volumo of this solid is eipial to Wi, If, m the 
above equations,^ be replaced i»y V, the grJ a-molccular volumo, then the new values of 
1c, y, z, lu'.ually dt noted by x, 't>, re^uectively, aro called the topic axial ratios or tho 
mot end ar. distance ratios of tdie (rystal (lieeka, Anznger K. Alcad. W'iss, IVien, 1893, 30,- 
204; Muthmaiju, Zeits*h. Kryst Min., 1894, 22, 497 ; Tuttou, Trans. Ctiem. Soc., 1894, 

' 65, G‘28). • 

^ Barlow and I’ope, Trans. Chem. (S'oe., 1906, 89, 1^5. It may be remarked that owing 
to the arbitrary manner in which the pyramid face (111) is often selected, and, in the case 
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' The poswbilfty of assigning almost the same sots of equivalence parameters 
to each member of a series of allied suiistaiicos is.iiokl to be good evidence 
ill favour of Harlow and Pope’s 'original* assuiftpLusi conooniing valency 
volumes , 

The phenomenon of isomorjihism is explained by the eipudily of valency 
, volume shown to exist between the replaceable constituents in a crystal. For, 
re^^arding a crystal as a homogeneous, closely packed i^sscmblagc of splieres 
of atomic influence, if similarly environed s[)heres or groups of spheres be 
removed, cavities are left which can be occupied by a dilh'ivnt si't of identical 
groups, provided their %otal volume is tlie*same as that of the spheres 
removed, or so ^nearly the same as to re(]uirc no alteration of^tlie origin^ 
arrangement of the. f^flieres. Tliat is to say, the valem-y^volunu'S of the 
replaced and replacing gronjis must be nearly tlie same if the original form 
of the crystalline structure is to bo preserved. An example is provided by 
the isomorphous compounds K.,S( > 4 , Uh;.S 04 , and CS.SO 4 , and K,Se 04 , Pb/Se(b, 
and CsySeO^, the equivalence parameters being practically the same for each 
scries. Again, the isomorphism of the two substances a//>iVc, •NaAlSi.^Ojj, and 
anonhife, (JaAl.,Si^,Oj<, so diflerent in composition, rei-eives ready evpliniation 
Tn each casi? the total valency volume is .‘12, and NaSi in^albite can be 
replaced by the group CaAl to produce anorlhitc without alteration of 
structure, becatiso the valency volume of NaSi (namely 5) is equal to that 
of CaAl. 

The explanation of the valency as a function of tlie volume in wliich the 
atom or group of atoms exerts an influence, proceeds from the rcsnltsVhioh 
Barlow and Hope obtained on examining the geometrical properties of 
asscrnlilages of spheres. The first and simplest application, desenhed in 
the preceding paragraph, explains ecjuivaleTicy and isomorpl^sm. A second 
propt'rty discovered is that if a sphere of volume m Js rc'placed by one of 
volume m + w, then any expansion of tlii^i asseniblagc*br(«ight about by the 

* insertion of the sphere of larger volume does. not require an alteration in 
the distrilfution of the spheres as a whole, provided that, in addition to the 
larger spliere, one or more spheres of total volume n are iusuflud at theVme 
time. (Jlose packing is, by such a process, restored without alteration of 
the original arrangement. A^iplied to chemical siibstftutJbn, if for hycTrogen, 
carbon of tobime 4 is inserted, then 3 hydrogen atomsj or d nilrogen at5m, 
or 1 hydrogen and 1 oxygen atom, must accomjiany the curhon atoyi, if 
alteration of structure is to Uf* avoided. The valetu^y relations between 
groups of elements is tlins revealed, Ti lieing seen to bo tl?e eipiivalent of 
Cll^, of CN, or of OH. The close similarity of crystalline foi>«i beVveen the 
chemically very dill'erent substances NaNt).^ and CaCO., is to be explained, 

• according to Bfudow and Pope, by tliis r(»latioi 4 ship. For if, in the rhoni- 

bohwJtal structure of crystalline ISaXOg, Na of unit volume is replaced by 
Ca of volume 2 , a gap is prodi^ed which can only be closed without alteration 
¥)f the structure by*tho ii]^trod|iction of an additional valency vohpne. This 
is accounted for by the suggestion that N of volume 3 is replaced by C M 
volume 4, giving rise tef clllcite. • * 

The dnultivaloncy which certain^ elements exhibit is exjilained somewhat 

of crystals of low glides of syinimdry, to iho artnhai^ manner 111 which the directions of 
some or all of the crystallogiaphic axes may he rhoseii, a ceitiiin aiqpunt of mathematical 
manipulation of publislud data is often necessary to biim^ out the roscinhla^cea. In the 
examples quoted above the derivatives of camphor aie orthorhombic; camphor is hexa- 
gonal, but has, nevertheless, been referred to three mutually perpendicular axes. 
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^ttiilafly. For the lepiJtuuuieuD oi an ai/om or v^iency m oy ofc valeiicy' 
«» + 1 necessitates anothea atom of vi^leiicy 1 being inserted with it. Instead- 
of the atom of valency 1, tin? original atom of valency m together with 
aR atom of valency 1 may bo inserted. Thus, an atom of valency w may 
act as if it h^^-d a valency m+ln-l or m + 2, while its sphere of influence 
retains the vouuno appropriate to an atom of valency 7 /l 

Similarly, if two , atoms of valency 1 aro^forced into the cavity withflio 
original atom of valency 7 / 1 , one or more atoms of total valency 2 must be 
inserted to preserve close packing without rearrangement. In this case, 
the original atom of valency*M functions as of -Valency m + 4. Thus an 
jjxplanatiomis afforded of the fact that the several valencies of multivalent 
elements genentlly differ by two or multiples of two ^.p, 285), as in the poly- 
iodides, e.(/. Csl, Osl.^, CsTg, Csly, and Csl^. * 

«i A further discussion of Barlow and Pope’s theory cannot be attempted 
here, but it should be pointed out that numerous objections to this as to 
every other theory of valency may be brought forward.^ 

The Colloidal Static.^ 

Introductory. — If a dilute solution of sodium silicate is poured into an 
excess of hydrochloric acid, no precipitate is formed. VVIk^L on the other 
hand, concentrated hydrochloric acid is mixed with a concentrated solution 
of sodium silicate a white gelatinous mass of silicic acid is produced. An 
obvious explanation is that the silicic acid is but sparingly soluble in water 
and, whilst not readily precipitated from dilute solution, it separates out if 
concentrated. After studying the problem, Craham** came to the conclusion 
that such an ejfplanation was uiftcnable; for, on pouring the dilute solution 
of silicic acid into a small dish made of par(;hment and floating it in water, 
he discovered tha^ w*ule the bO(|'um cliloridc diffused through into the 
Water below, ^e silicic acid ^remained behind in the dish, tlius proving that^ 
it was not an ordinary aipieoul solution. In view of this, ClralAtm termed 
sili(;ifc acid a coVoid.^ Sodium chloride, and all other similar bodies that 
were capable of difl’usion through ])archment were (?alled cry-sVa/Zonfs, and 
the method of separating crystalloids from colloids b^ dift’usion was termed 
diMysis. - , - « , , 

A colloidal solution is usually termed a ml. If water is the licpiid medium, 
the solution is known as a hydroml: if a[cohol, an alcom! \ if glycerine, 
glycerosol ; or t'lie more general term oryanosol is employed when the medium 
-consists /)f some organic liipiid. All liquid media in colloidal solutions are 
known as dUpersion mcdUiy whilst the colloidal substance itself is termed the . 

^ T. Y. Barker, Trans. Chemi Soc., \912, loi, 2484 ; 1915, 107 , 744'; T. W. Ricliards, ' 
J, Amer. Cheni. Soe., 1918, 35 , 381; 1914, 36 , 1686, Compare Barlow and ?o])i^ibid.y 
1914, 36 , 1675, 1694. 

® The literature on 'tliis subjects is very vnluminoii^, and the reader wishing to purspe 
t\|e study fuUlier is reoonimended to consult the I'ollowKig wcrk.s : — 

Pbgchl, 7'he Che.mistiy of CoIIotds, trans. by II, Hodgson (Gritfin & Co., 1910); Wo. 
Ostwald, Orundriss der KoUoidcheml< (Dresden, 1909); A. ^Ifiller, AUgemcins Chemie dtr 
AbZZowZtf (Leipzig, 1907) ; Zsigmondy, Vber /CoZZoide/im?* (Leipzig, 1907) ; Proctof, Colloidal . 
'Chemistry {Brit. ^4ssoc. Rrp , 1908, or Cheni, Wews, 1908, 98 , 162); and Zrdschrift fUr. 
Chemie unel Industrie drr Kolloide, ^diteil by Wo. 0.stwjxld, Leipzig. Ilatseliek, Introduo- 
, Hmi to the Chemistry and Physics of Colloids (Cbnrchill & f'o , 1918) ; liurton, The Physical 
- Properties of C^doitM <Solntions (Longmiins k Co , 1916) ; O.stwald, Colloid C/iemistiy, 

, tran$)ated try Fiselior (CliurchiP k Co., 1916). 

* Graham, Phil. Tram,, 1861, $ 1 , 204 ; ,1862, I 2 I, 1 ; Ostwald’s iE’ZiwiiArtfr', 

' Na 179 (1911). < From Gk. KoXXa, glue. 
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dU^empJme. ' It is n(?t necessary that the medium shall be- a liquid j' for 
colloidal solutions in solid media arc kn#\vii, such of ^^old in glassd 

General Occurrence of thfe ColloWal State.— So many colloidal 
substances have now been prepared, auioni^ them inunv substaruies which 
exist ordinarily as crystalloids, that the colloidal state nmy regarded as 
a genei-al state of matter into which all solid sub^aanees’ niulor suitable 
c<Aditious, may bo brought, ifho earliest studied coljoids were largely of 
organic character, such as white of egg, gum arabic;, dextiiii, caramel, etc. 

SubstEnces yielding ColloidEl Solutions. — - Ih sides numerous 
organic bodies the following inorganic substant-es yield colloidal solutions * ■ 

1. The elevunts: phosphorus, sulphur, selenium, silicon, aii«i boron, t(^ 
gether with almost ajlihe metals. 

2. Sulphides of 8elenium,*tollurium, tungsten, arsenic, antimony, bismuth, 
zinc, cadmium, tin, lead, iron, cobalt, nickel, copper, iridium, iiKU’cnry, silvoa 
gold, palladium. 

3. Oxides and hi/droxides: phosphoric acul^ silicic acid, arsenic acid; 
magnesium, lanthanum, and yttrium hydroxides. Hydroxides of glucinum, 
aluminium, zirconium, thorium, titanium, tungsten, moivbdcuiim, chromium, 
manganese, cerium, didymium, erbium, bismiitli, tin, lead, copper, iron, gold, 
cobalt, nickel, silver, mercury. Oxide of barium and vanadiiini pentoxido. 

4. Salts^ et(^: Chlorides of sodium and h'ad, mercurous chloride, sodium 
carbonate. Sulphate, phosphate, chromate and carbonate of barium. M )lyb- 
donum blue, tungsten blue, gold purple, Jlerlin blue, copper ferrocyanidc. 

Since 1907 many other inorganic substances have been prepared in the 
colloidal state, affiong them graphite,'^ sodium bromide and iodide, and 
potassium chloride, bromide, and iodide."* 

Preparation of Colloidal Solutions.*- Colloidal soluti(^is of inorganic 
substances may bo prepared in a v.iriety of ways, of which the following 
are typical : — 

• I. Elements. — [a) By the action of mauj re(iiiemg agents, suen as tannic 
acid, pyrog#iIloI, a solution of pho.sphorus in^etlier, formSTldehyde, hydrazine 
hydrate, hydroxylamine, etc,, on very dilute solution^ of metallic salts *^.y. 
of gold and silver). • 

(6) By the additidb to tli^ disperse medium of k small (piniitit;^ of a- 
solution of* tke substance in another solvent. *^rbus, Colloidal •suljibur %t 
phosphorus may be prepared very simply by adding a solution of the eleiqent , 
in alcohol to a large bulk of watqr.^ 

(c) By an electrical discharge under pure water betwocTf jX)los of the 
metal oj- other clement.® In this way colloidal Ag, Bt, An, (id, and S 
have been prepared. 

, (d) By the (Jisintegrrfting action of nltra-vi^lei light on the element, 

whicli.fs covered by the disperse mediutii (e.p. Ag, Cu, Sn, Pb) 

• According to Taramann’s yiewff the uuiorphoua sLite (p. 47 * glu-s is a supercooled 
liiuid, Hec P. Rolilaiid, Kolloid Zakch., 1D07, 2 , uZ. 

® Acheson, J. FranUin 1907, 164 , 375. , • 

* Paal tyid Kiilin, Bcr., 1908, 41 , 51 and 58; Paal and Zahn, ibid., 1909, 42 , 277 
and 291. ^ 

® von Wciinarnand Maljislieff, J. linss. rhys. Chim. Sor., 1910, 42 , 48? ; vou WoiraaTi\ 

' and Kagan, 19J0, 42, 480. • • * 

^ Bredig, Zeitsch. angew. Chem., 189^, p. 951 ; Bredig and Mullor von* Herneck, 
^SeitscK physikal. Chem., 1899,31, 258; Bredig, ibid., 1900, 32, T'J? ; MiTlleiijuul Nowa* 
.kowaki, .fier., 1905, 38 , 3779. • 

' ^ Svedberg, Ber., 1909, 42 , 4376* Zeiisch. Chem, Jnd. Kolloide^ 1910, 6 , 129. 
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(e) By stirring the finely flivided element wit)/ an aqiieou* sojution of 
an organic colloid («.y. graphite withAannic acid).^ - 

IT. II i/droxides. — (A’.// 'Kc(()If) 2 an(l Ar(OH).j ) By hydrolysis. A colloidal 
solution of ferric- hydroxide, for example, is readily prepared by adding 5 c.c. 
of 33 per cenj:. ferric chloride solution to a litre of boiling water, and removing 
the chloride rJmaining, as well as the hydrochloric acid, by dialysis. 

III. Sidj)hides.—JUff. As.^Sg and Sb^S^.) ••By the passage of snlphure^d 
hydrogen through certain solutions; for example, a solution of arsenious 
oxide in water. ^ 

IV. Halts, — By chemical iiAeraction in organic t,olvents. Thus, colloidal 

#'odium chloride has been prepared by the interaction of ethyl-chloro acctate 
and sodio-ethylmalonate in bon/, one or ether.^ n , 

The solutions so prepared are in most casos very dilute. It is possible 
^0 separate the colloidal substance by centrifuging the solution and filter- 
ing, or by special filtration processes (see 81), and the solid substance 
so obtained may bo again converted into a colloidal solution by shaking with 
the dispersion 'medium. 

In apiiearance, sols may appear clear, turbid, opalescent, or lluorescont 
according to , their nature and the mode of preparation. ,The metallic 
hydrosols often exhibit beautiful colours, as, for example, the famous “ Purple 
of Gassius,”'^ and the various forms of colloidal silver.'^ ♦ 

Nature of Colloidal Solutions. Solution or Suspension?— The 
question whether any supposed .solution is a true solution or only a suspension 
may bo tested in various ways, such as by allowing the liquid to stand for 
some time, by filtration, by microscopical examination,'' and by Tyndall’s 
method, The last-named test consists in passing a powerful beam of light 
through the sWution, and its cfilicacy depends on the fact that if a space, 
whether liquid or gast'ous, is devoid of suspended particles, the beam is not 
seen during its aUiu/i transmissivu through the medium. When particles 
are present, tlio beam is rendered visible, a glow being a[)parent in tlie liquid,' 
and, on emergence, the light is Sound to be polarised. Picton a^d binder 
foiWd that colloidal solutions could bo preserved as such for a long time, that 
they could be passed unchanged through filter paper, '<ind in most cases were 
qiiite^Void when exiuniwed under the microsco}K;. The' Tyndall test, however, 
clearly 8ho\Ved the preparations to be only suspensions. An ingonious appli- 
cation of Tyndall’s method was made by Siedentopf and Zsigmondy ^ in the 
construction of the ultra microscope, in whiph a very powerful beam of light, 
either from an ‘arc lamp or from the sun, is concentrated on and made to pass 
through a little of the sol contained in a small quart/ cell. Through a micro- 
scope the lino of vision of which is at right angles to the beam of light, the 
particles present are seen ,by mwins of the light they reflect, and their size, 
and number can be estimated. By means of tho^ ultra-microscope cq^joidal 
solutions, of inorganic sub.stances, at any rate, have been proved to consist 
of 8Uspci\,^ions of particles in ^^ery fine, but varying stated of division. , , 


* Aclieson, loc. at. 

^ * Picton and Linder, 7'rans. Chem. Soc., 6i, 137 and 148. 

<t • Paal and ifahn, loc. at. • “* See Vol. II. of this series. 

® See Carey Lea, Kolloides Silbei- und die (Dresden, iy08). 

® Loc. cit, , , j 

Sied«,’topf and Zsigmondy, '//Tin. Vlnisilc, 1903, [iv.], lO, 1 ; Siedontopf, J. Roy. Micro* 
/lW., 1903, p. 673 ; ZsignionUy, Vcrsamvilimij dcutscher Naturforscher, Rep. 85 (Wich) 
Siedontopf, Kolloid-Zcitsch., 1913, 12 68. 
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The Size of Colloid* Particles. -g-Various n^ethods have been devised 
for the dctorinination of Iho app»-oxin)ate*-size uf the particles in colloidal 
solutions. Two of these are described here.' ' . t 

(a) Bechhold 2 has constructed a scrieg of filters -of 

difFeront degrees of efficiency and measured the sizes of rtie pores they 
ooptain. The filters were made^by soaking filter paperp cither in a solution- 
of collodion in acetic acid, afterwards washing with water, or in gelatine 
(of various concentrations) which was 8iil)sequently hardened by formalin. 
S\lch filter papers posssssed pores of diamfter varying between 930 and 
21 X 10~® mm., and by their use, Jle.chhold was able to classify* the variou#. 
colloids according to i^io sizes of tlieir particles. In the foUowing table the 
colloids are arranged in order according to the* sizes of their particles, the 
largest being placed first ; — ^ 

»’r,ASSIl''ICATION OF OOLnoiDS BV SIZE. 

( Ultra- F dtration Process). 

Colloidal Platinnin. 

„ Ferric Hyilroxide. 

„ Arsenioiis Siilphido. 

,, (iold. 

1 per cent, (lelatine. 

Colloidal Silicic Acid. 

Litmus. 

Dextrin. 

Crystalloids. 

(h) By the Ultra- Microm)pe . — The waj in which t}ii8*nia3» be clone can 
’be best illustrated by an example studied Burto«.‘' A solution o 
colloidal silver containing 6‘8 mgms. silver per l()0*c.c. w^is diluted* one 
hulidred times. Of th^s solution, O’Ol c.e. was examined in an inslrumeni 
working on the samc^ principle as the nltra-microseope, ^nd tlie nundier ol 
particles counted, this niimbCr being 300 Assuming JLho jiarUcles to iie 
spherical aftd'the specific gravity of silver to bo lO^h, the average radius of 
the particles was found to bo 1*7x10“^^ cm. The average siz<‘ of ’the 
particles in colloidal solutions of* platinum, gold, and silver, \*a8 found to bo 
2 X 10"® to 6 X 10 ^ cm. 

The smallest particle capable of being detected under tho*m()st*favour' 
able conditions (bright sunlight) in the ultra-rnicroscopo has a diameter of 
4 X 10 '® mm. lil,comparison with this, the ffdlowitjg molecular diameters cal- 
culatad'on the basis of the«kinctic th jory furnish an interesting comparison : — 

• • * * 

Chloroform f . . 08 xlO"' mm. 

Ethyl alcohol . . . 0 4 x 10 « „ 

Carbon diT)xTde . . . (^28x10'® ,, 

Hydrogen. . . OT x 10® „ 

— - . . - 

' For other raothodasee V. ITenri, 7'rans* Farad jy Sor. , 1913, 9,^47. 

* Bechliold, Ze/itsch. phynkal. Ohtra., 1907, 6o, 2.">7. 

* An earlier process used for a similar [anpose by PicUbn and Liinler consisted’ in 
.filtering the limiid through jtorous clay cells. 

■* Burton, Mag., 1906, [vi.], Il, 425, 
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The ra.iiL '0 of vision of the ordinary inicroseDpe is limited to^particles 
of sizes nin<jjinf> from 400^ 10“''' to x lO*" mm. 

It' is possi})le to ol)tain some idea of the size of colloidal particles 
by a study of the freezing-points and of the osmotic pressures exerted by 
colloidal solutions. From freezing-point determinations it lias been calcu- 
lated that the molecular wcigfit of ferric Jiydroxide ranges from 490^ to 
5400 in solutions containing from 2'G to DIG per cent, of colloid; whilst 
silicic acid yields an even higher result for its molecular weight. The 
practical dilliculty in carrying out these experunents, however, lies. in 
^the extrerpe smallness of the nhserved osmotic pressure and. freezing- 
point depression, m conse(pience of which small errors duo to the presence 
of traces of impurity exert an unduly large elTect upon the accuracy of 
the results. 1 

The Motion of Colloid Particles. The Brownian Movement. 

— In 1827 Itolxu't Browiv, a botanist, observed that minute particles 
exhibit a peculiar vibratory motion when suspended in a lapiid. This 
Brownian movement, us it is called, is characteristic of colloidal solutions 
and can be readily ob, served by nunins of the nltra-microscope. The move- 
ment is slow, ^persistent, and irregular, as is wuill secai ly photographing the 
movements on a cinematograph jilm;^ it is independent of, such conditions 
as vibration, intensity of illiimiiuitioii and convection' ourrents ; and seems 
to depend only on the size of the particles and nj)oii tlie temperatiiro and 
viscosity of the fluid in which they are susjiended.''^ 

It was suggested by AViener and others that the brownian movements 
are to be attributed to tlie moleeiilar motion of the lluicls, of wliieh the 
particles thus act as indicators. This suggestion was developed by Einstein^ 
into a mathematical theory, cayiable of experimental verification without refer- 
ence to the actuat veh'cil ies of the partich's. The correctness of the theory 
lias been strillingly demonht rail'd by the experiments of Perrin upon snspeih 
sions of, gam huge %nd mastie en water, glycerol, and aqueous solutions of 
sii^iMse, urea, oud glycerol; and by the subseipient work of Millikan, Sved- 
berg, Soelis, Noidlund, and others.'’ 

Ttie study of Brownian inoxemcnt is therefore of geeat theoretical import- 
aiice. Not only docs it aH’ord most striking evidence of thy; reality of 
molecules, but it enables the value of Avogadro’s Constant, be. the 
number of molecules (N) jm'.sent in a, gram-molecule of gas, to bo deter- 
mined. The Evaluation of this constant has been effected by I’errin in four 


* Sep Gliidstunc and ITitbiut, /’/u7 1.8S9, fv.], 28 , 38 , Lillip, Antcr, J. I hijsiol., 

1907, 20 , li.'7 , .Moi'io ;uid lloif, Lniit/it III. J , 190H, 2 , 34; Luicb.iigpi', Anier. J. Sci.* 
1892. [m J, 43 , 218 ,o 

V. Jleiii-i, Vinnpl. irviK, 1908, 146 1021 ; 147 , G2. ^ 

® WipiKT, Poijij. '\iin(tlni, 18C3, Il8, 79; Jtv oil's, Proc. Minicltfslrr Lit, Phil, Soe,, 
J869, 9 , 78; Chem 1871, 21 , GG , Gouy. J. 188s, 7 , r»Gl. * 

* Einstein, Ann I’ln/sil, 190r>, |iv.], 17 , .949; i90G, [n.J, I9 287, 371 ; 1907, 
[iv.], 22, t)G9 ; SmoliK'lnAvski, ibcd\, 1906, [iv.], 21 , 706; L<ingr\in, Cuvipt. rend , 1908, 
146 , 3.90, 

I’piTin, Cc^npL rend., 1908, 146 . 9G7 ; CJ90S, 147 , 475; 1909, 149 , 475, 530 ; 1911, 
* 152 , 1380, 15611 J Ann. Chnn ilnj^ , 1909, [Mii.J, 18 , 5. (A tmnslation, by buddy, of th(J 
mouioir 111 tlie Annnkfi has been pnldisheil i»y Taylor & tranois, 1910J', Sliaxby and Emrys- 
Roberts, ProCA 1914, A, 89 , 544; Millikan, Physikal. Antseh., 1913, 14 , 796 ;' 

Svi^dberg ^nd Inouye, |V< ra. Min. (Icol., 1911, 4 , No. 19; Soelis, ZeiUck. physikal. 

Chem , 1914, 86 , 682 ; Nonllund, tbid., 1914,87, 40 ;,-Iljin, ibid., 1914, 87 , 366 ; Svedberg, ( 
Die Dxidem drr MoltkuU (Leipzig, 1912). 
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distinct ways, each based Aipon the theory of the J^rownian inovenjent. The 
• results, Avliich were closely concordant, *nd n^ good agreeijicnt with the 
values derived from totally dillerent tlie(uetical considerations, lead to ihe 
conclusion that N --^70-5 x HP-. Other observers have obtainecj the following 
results for IS: Millikan, 60‘GxlO--; Svedberg and Inouye, (120 x ; 
Sc^elis, 72 X 10““ ; Nordluud, 5y 1 x 10--. ^ 

' The Electrical Properties of Colloidal Solutions. Cataphoresis. 
Precipitation or Coagulation of Colloids.— If a glass tube alk)ut 
3Q cm. in length bo l%mt into the shapi' tf a V, (illed with a colloidal 
solution of arseniouy suljihidc and a current at GO volts be ,pa.ssi'd fioj^i 
platinum electrodes through tlio solution, in the course ^of an hour the 
liquid round the nej.fative pt^lc will be found quite clear and the clear space 
will gradually extend down the Lube as linu' elapses. The arscnions sul- 
phide is found deposited on the positive pole. Evidently the colloidal 
arsenioiis sulphide particles must be negatively c4cctrified. This pbenomonon, 
which is called cither “electrical osmose” or “ cataphoresis,’’ was found by 
Pioton and Linder^ to be of general occurrence, some colloids Ix'ing nega- 
tively, others positively ehxitrilied. The following table gives the electrical 
character of a number of colloids suspended in water : — * 


/iV (xtr^-Fout i ve. 
Ferric Hydro.xide. 
Chromium Hydroxide. 
IlisiuuU). 
licad. 

ZinV. 


Elairo-Kcijni he. 
Arscriious Sulpliide. 
Antimony Sulphide. 
Idatmum. 


The polarity depends not only on the disperse {)ha^e, l^ut also on the dis- 
perse medium. Thus, the melallic hydroxides and silicic aciil arc charged 
positively wlieii in water, but negatively in t#irpentino. • 

The fact that the colloidal partudc.s ciirry dcHnit* char<^es is striktngly 
brought out in the stilly of tlu'ir j)rcci[)itation or coagulntion, which can ho 
brought about by tlu; addition of very small (plalJtltie^ yf elect roly tt'«. In 
the following tabic, |)reparc(f by FrcundiKdi,- Uio miiiyuuin coiici'iitratiwis 
of various Tialt solutions je(piir(>d to produce coiujileto coagulation of As,Sg 
after two hours are rei'ordetl, the coiicciitratioiis Ix'iiig ex[)re.s.sed in gfam- 
molecules per litre of solution, e.vVopt for K.^SO^, ll.,SO^, and C»,(S()j)jj. 


Electrolyte. 

1 ColiceliliMtioii. 

F.leclrolyle. 

• • 

Omcentration. 

’ LitJl . 

. ' • 0-081.'', 

CiiCl 

0-00u;)0.5 

NaCl . . . 

0-0T12 

<'a(XU,),* . 

• 0 -0001)5 

KCl . 

. ; • 0-(t>9l 

ba( . 

0 OOttDti* 

HCSO, . . 

0-0015 

Znfl, . 

0 0009(5 , 

NIHCl . 

. P • 0-0.''.91 

AK i; •. 

0-00013 

H(il 

0 0129 . 


1 0-0()OJ4 

HI..S0, . . . 

. 1 o-oi-jo ^ 

.Me.f.Sd,’), . 

' 0(^9018 

AlgCI, . . 

. I 0-0010 


0 0(j013 • 


^ Pirtoii and Linder, Tixrm. Chevi S'oe., 189‘J, 6 i. 148 ; 1807, 71 , 6(58. 
® Fre*indlich, Zeitsch. yfujhkal. Vhetn., 1903, 44 , 129. 
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Tncso figures clearly prove what Schulze ' Iwd previously Votiiid, that 

the precipitating cft(3ct or,t a uQgat/vely ..charged colloid is deperfdont on. 
anfl increases wuth the valency of the positive ion ; also, that the pre- 
cipitating agents which yield the greatest concentrations of ions at a given' 
dilution are most effective, so that the mineral acids have a much greater 
, precipitating power than the organic acj,d8. In analytical chemistry 
the formation of colloidal solutions of arsonious and antimony sulphiSes 
is prevented by passing hydrogen sulphide into solutions acidified with 
hydrogen cliloride n ^ 

, While tlje precipitation of the negatively charged colloid is dependent on 
the positive iop of the added electi‘olyte, the positively charged colloid, 
as might bo expected, is influentied mainly by, .the vlatcncy of the negative 
ipn,^ as the following figures for ferric hydroxide show : — 


Electrolyte. 

Concentration. 

Electrolyte. 

Concentration. 

NaCl , 

0-00925 

K0SO4 . 

0-t'0020 

iba<;i 

•00964 

iMgSO, . . . 

•00022 

kNO,‘ . 

iba(NOA2 . . 

•0119 

•0110 

K-A-rA- . . 

K *0001 9 


Here the divalent negative ions are much more effective ,^than the monovalent. 

Finally, as might be presumed possible, two oppositely charged colloids 
can precipitate one another, ^pins was proved hy Biltz,^ tvho showed that 
arsonious sul()hide is precipitated by tho addition of ferric hydroxide 
hydrosol, the pret^ipit^j^te or gel containing both substances since the electrical 
charge of eaoh is noutraliseil by that of the otlu'r. 

From what h».i been said, «, it will appear that a colloidal solution of 
suspension only remains as such so long as the particles are ''electrically 
charged. 

Adsorptive Power of Colloids. — When a colloid is precipitated from 
i6a solution or suspension by an electrolyte, t'ho prceijiitatc always contains 
a definite amount of the ion to the sp<3cific influence of which precipitation is 
dud, the quantity retained being proportional to tho e^piivalent of the ion. 
Thus, Whitney and Ober '^ found that tho ju’ccijiitato obtained by the action 
of barium cliloride solution on arsenious sulphide sol had the composition 
90As,S; f 11^1, the barium being present as hydroxide. When this precipi- 
tate in turn was washed with calcium or strontium salts, the barium was 
replaced by e(]uivalcnt quf!ntitie'6 of these metals. As the QOagulum contains 
the positive ion, which cannot he removed by washing with water, the* liquid 
becomes acid in oharacter qnd the acidity ran be det,(?rmincd by titration. 
,The phehomenon, which was first noticed in dAloida by Linder and Picton,^ .is 
known as adsorption, and in character is very similar to the ad, sorption of 
-gases by charcoal (see Chap. 111.). For any gi veil substance, the extent of 

1 Sclfiilze, J. prald. Chem., fSS*?, 25 ; 431 ; 18S3, 27 , 320. 

- Hiihly, Zeitsch. physiJcal. Chfm., 1900, 385. 

» W. pilt4 Bcr', 1'904, 37 . 1095. 

'•* Whitney and Ober, timer. Chem. Soc. 1901, 23 , 842; Zeitsch. physikal. Chfirh>i 
1902, 39, 630, ' e ^ ■ - 

® Lindov and Picton, Trans. Chem, Soc., 1896, 67 , 63. 
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adsorj)tjon^a connected^ with the concentration of the preci])itatin*g clecfcfojjfti 
by the following for inula : — 

where and C* denote the concentrations of the electrolyte in«^he precipitate(i 
cfjloid and the solution rospecVively ; /jaudjuare constants, to be determined 
by experiinent, for any given tcinperaturc. ' - 

Differences between Organic and Inorganic Colloids.-^Tho 
properties of colloids \>iiiich have been descfibcd above are mainly those Of ' 
inorganic colloids. Organic colloids di Her in several respects -'ind are clO|er" 
in character to trijc# solutions than are inorganic sols. 'Hfiey usually show 
the Tyndall eflbct, and vi»ible particles may generally be seen through the 
ultra-microscope. They do not, as a rule, show aii\ electrical cliaracter 
are only precipitated by tlie addition of large quantities of electrolytes ; but 
many of them acquire a charge in the presefice of a .small quantity of an" 
acid or an alkali. They will tlien move in an electric liejd, and undergo \ 
precipitation by electrolytes like the colloidal susjicnsions {i.e. inorganic 
colloids).^ i^gain, an organic colloid with water gives a mixture which is 
viscous and can become gelatinous (converted to a jelly, ai? with gelatine), 
whilst iuorgaitic coljoids (suspensions) are not viscous and do not gelatinise* 
Since also these organic colloids give colloidal solutions by mere contact 
with water, they are called reversible colloids, w’hcreas the inorganic colloids 
are irreversible, since they cannot, after precipitation, be directly cohverted 
again into culhm’ftif solutions by llic same means. 

Tliose colloidal .solutions which are characterised by the definite electrical 
charge the disperse pba.se assumes, by their easy coagulatioi^ by electrolytes, 
their comparative rarity in Mature, and by the general necessity of first? 
producing a certain degree of artificial s^ibdivision b^foropthoy can be formed, 
are sometimes termed solutions of lyoi>hobif colloids. Hi general, the 
inorgani(!> colloids are lyophobic. The oth^ colloklal siflutions, characterised 
by lack of definite electrical charge on the dispersif pbase^by a wide'^-auge 
of stability in the •pre.seriee of clectrolylcs, by the frecjuency of their 
occurrence in Natiiifj, and lyr the facility with which th# disperse phSlso goes 
spontanci'Ui-Jy into colloidal solution, are called 'sol ntioi>s of /yoji>A?///u*coll8ids. 
In general, the organic colloids belong to this class. 

Importance of Colloidal Chemistry.— A study of the colloidal* state 
is of impurtanco both from the theoretical and practical standpoint in 
chemistry, it has afforded convincing evidence of the reality of^molecules 
and provided evidence of the correctness of the assumptions made in the 
Kinetic Thcosy. It ns not very easy, to difierentiate sharply between. 

> solybions of cfystalloids or true solutions, or colloidal solutions or sus^ 
pftisions, any difference* being one of degree only. Thus, ordinary colloidal 
.particles can be I’emoved fiim solution by*the llcchfiold filters; colloidfr, ' 
both organic and inorf^anic, can be retained by parchment* dialyseis 
whilst, finally, one may regard the molecules of a crystalloid such as 
sodium# chloride or sucrose as filtered or retained by a membrane Of 
copper ferrocyanide. * .0 

From the practical standpoint, the pfopertics of colloids arc of rtnportance\, 
in connection with rnediciiial prepa rations, glass uik] ^eartbpnwafk« nr.a««- 


• ^ Hardy, loc, at. 
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faoture, and' dyeing processes; also in explaining tin? action of i|paps^ and 
tliO setting and hardening o/T^ements, <jtc. ^ 

<■ 

' .SrECfFic Heats of I^^.kments and Comfounds. 

Introductory.— The hmt, capadu/ (C) of a body is the anionnt of heat 
ivquircd to raise its tepi[)oraliire one degree cevitigrade. If the absorption^pf 
H units of heat raises tlie temperature fi’oin to the mean heat capacity 
(C„)'‘of tlie ])ody between Zj" and is given by 



The specific heat ((^) of a substance is the heac capacity ot tlie unit of 
insss, i.e. tlio amount of heat ro({Mired to raise the temperature of oiu! gram 
of tlie substance through one degree centigrade. When the specific heat of 
a substance at f is referred *to, it is understood to mean the heat absorbed 
by one gram botwoen {t - 0*5)° and (t + 0'5)". Tliis is an important point, 
since the specific heat of a substance varies with the temperature. The mean 
specific heat ((^),^) of a body of mass m over the range tfi to ^ 2 ° as obviously 
given by the expression 

= . 

m m( to - t{) 

The atomic heat of an element is the product of its atomic weight and 
s{3ecific heat. Similarly, the molecular heat of a substafuji', ehunentary or 
compound, is the product of its molecular weight and specific heat. 

The U,(l S. upit of heat^ in terms of whicli specific heats are expressed, is 
the gram-calorie (eu/.), or the amount of heat required to raise the tempera- 
ture of one gram oS' wafAU' through one degree emitigradc. Sometimes the 
gram-calorie at^lb" 0. is chosen, sometimes that at 20° ( - , and at other times 
the mean gram-caloric between (I C. and 100° C. is adopted. These units 
diffeirfrom one a# ^therj^nut only very slightly. 

Since, then, water is the standard substance, it is inZ-portant to determine, 
with til?! utmost accuracy, the variation of its specific heitc with the tempora- 
turif. This pVobliim hus been^xttacked by nunu'rous iiivesligntor..s ; dhe most 
trustworthy results are probably those of Callendar and Ikirnes,- and of 
Callendar.-^ According to the last-named iiivejjtigator, the formula 

Q = 0-t)8.h.3fi -t- 0-50 1/(Z -f 20) + 0-()00084Z -t- 0'00000()!)z2 

t * 

satisfactorily rejire.sents the specific heat of water, in terms of the calorie at 
20°, at all temperatun'S betw'(!ei\ 0° and 100°, and yields Results in close 
^rcement with those obtained by Callendar and Barnes.^ Tliese are ^iyen 
in the accompanying table. The unit employed is tfie calorie at 20°.'' « 

„ r . * 

See Sjiiuig, Ball. Acad. roy. Behj., ]y09, p. IS? ; Kk-. tear, chim,, 1909, 28 , 424 ; 
Bull. Soc. chim. Bclg., 1910, 24 , 17 ; MT>.nn ana Martin, 'l’r(\ns. Cheni. Soc., 1914, 105 , 
957. 

Callendar and Barnes, Phil. Trana., 1902, A, 194 , 55, 149. 

^ ® Callendar, PKil. Tians., 1912, A, 212 , 1 ; J'roc. Boy. /Vor., 1912, A, 86 , 25 f. 

^ Callenllar and Barnes, loc. cit , aKd “‘vlaloriinetry ’’ in J<Jury<dopvedigi, Urdamica, 

For other investigations see Birtoli and SAacciati, Bciblatfer, 1891, 15 , 701; 1898, 
17 , 542, nfdS : Bolt, vicns. dclP Ace Gioemn, 1891, 18 , Ajiril 26; Grillitlis, Phil. 
Mag., 1895, (v.), 40 , 4 0 , Lu(?in, Jdsbci'tahon, Zuinli, 1895; Rowland, Proc. Roy. Soo., 
1897, 61 , 479 ; W. R. Bousfield and W. E. Bou.stield, P/bil. Trans., 1911, A, 2 ir, 199. 
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SPECIFIC HEAT OF WATER. 




— ^ 




t\ 

. 

• 

• 



Q. 

t\ 

Q. 


‘J- . 

0 

1 0'^!»4 

16 

1 -0009 

■10 

* 0 9982 

^ 1 

1 OOS.i 

1> 

1 -00(^7 

4 '' 

0 9984 

2 

1 007(1 

18 

1 0004 

50 

0 9987 

3 

1 0068 

19 

1 0002 

55 

0-9993 * 

4 

1 -OOllO 

20 

looqp 

0 99'^ 

(50 

] -0000 

5 

] OO,^) 1 • 

21 

(55 

1 0008 

t) 

J 0(i4S 

22 

0-9!i97 

70 

1-0016 * 

7 

8 

' 1-0012* 

1 ’CO.;? 

23 

. 21 

0-999:) 

0 9“91 

75 ^ 

80 

1 0024 

1 0033 

9 

1 0032 

25 

0 9992 

85 

1-0013 

50 

1 -Oicj? 

2(5 

0 991'] 

90 

1 -0053 • 

51 

1 -0023 

27 

0-99' 0 

95 

1 0063 

12 

roo 2 o 

28 

0 9989 • 

100 

1 -007‘4 

13 

1-0017 

29 

0-9988 



M 

TOOM 

.80 

0 9987 



If. 

1 -oon 

• 

35 

0-9983 




Thus tlu' ,^r;uu-(:aloru; at 15’ is (Mpial to TOOll <»ram-calorics at 20”, and 
tlio riKiaii jj^rani-caloVio botwi'oii 0” and lOO” is (.'([ual to TOOK) gram-calories 
at 20 ”. 

The boat imparted to a .sulistanco may bo utilised in three w;us .— ■» 

1. In iucroasiM.i* the khictic energy of translation of tlie molecules, i.e. 

in raising tlie temperature ((,>,) 

2. In performing work against extcfc’ual pi'cssure eonsequeiit upon 

expansion 

13. In overcoming the mutual attraction of tl\e mo^3cu]^'S ((^>„). 

Hence * 

Q + * 

The quantity dejierids upon several l.actors- such as dissociation,* the 
breaking down of associated moh'cules, the overcoming of cohesive^ forces' 
during change of stab', etc* the thermal ellects M \fhich, being clostdy 
coniu'cb'd,* a]*e conveniently grouped togetluT • • • 

It is clear that Q will only remain constant with rise of temiierature ^hen 
(^)^, and (}„ are very small In s«icli an event 

Q 1 = (approximately), 

and may be termed the true xj/irljir hmt. 

For solids a*id li(]uid5 is negligible oiving ^o their comparatively small 
coediifients of ex*pansion, ^ind 

According to Solmckif ’ (| is negligible for elements the molecules pf 
which are monatomic, a^, ^‘or example, most yietals. I’or com])lex jnoleoules, 
however^ Q„ may be a very varying (juantity, and the gradual fall of the^ 
specific heat of wa]^er until KT T. «is reached, and the .subseipient rise fn 
the same as that temperature is exceeded,, may proliably be explained hi 
this way. * 


^ iSohncke, /Fil’d. Anmtkn, 1?98, ^6 511. 



, AS ft general rale, for solids and liquids at toinpcraturei^ above W 
ordinarj^, Q is approxiinatcly a linear^ function of 'tlio toniperaturo. It may 
bo i*epresonted over a liinito^l rangr- by an oinpirical formula of the type — 

Q a + + yi'\ 

where is vcvyrsmall (in general) and y is extremely small. ^ With lithium, 
aluminium, and one or two other metals thq. values of arc considerate. 
The variation in tlic speeilic heat of a metal with the temperature between 
0* atid 100“ is for many purposes negligible. 

In the accompanying tables will bo found the riean specific heats and 
atomic heats of the solid and liquid elements (over the tenipe,rature intervals 
given in the seeo;\d column). < 


TABLE OF SPECIFIC AND ATOMIC HEATS OF THE ELEMENTS.^ 


K lenient. 



Tempeiature 

Interval. 

Mean 

Sj)ccific 

lloat. 

Atomic 

Weight. 

Mean 

Atomic 

Heat. 

Aluminium ^ 



*C. 

16 to 

100 

0*2122 

27*1 

5*76 

, Antimony . 



0 to 

100 

0 0195 

120*2 

6*95 

Arsenic (cryst ) , 



2i to 

68 

0-08.S0 

76 0 

6*23 

,, ' (^iiinoi jdi.) 

Barium 



21 to 

65 

0*0758 

75 0 

5*70 



-18.5 to 

20 

0*06"0 

< ,3 37 *4 

9 34 

Bismuth 



9 to 

102 

0*0298 

208*0 

6 24 

Boron (cryst.) ‘ 



0 to 

Kitj 

0 2518 

11 0 

2*77 

- ,, (umorpli ) f 
Bromine (solid) . 



• 0 to 

100 

0*3066 

11*0 

3*37 



- 78 to 

-20 

0*0843 

79*9 

6 73 

,, (liijuid) ^ . 

Caiimium . . 



13 to 

45 

0*1071 

79 9 

8*56 


• 

' 0 to 

100 

; 0 0548 

102*1 

5*63 

Cie.siura 



0 


1 0*0522 

132*8 

6*93 

Calcium 


; 

' 0 to 

100 

1 0*1490 

40*1 

^ 5*98 

Curboji (wood chap;oal) 
(graphite) ‘ 

t . 


0 to 

99 

' 0 1935 

12*0 

2*33 



19 to 

1010 

0 3100,, 

1‘2*0 

3*72 

,, ^ (iliamond)** 

Cerium . \ 



If) to 

1040 

0*3660 , 

12*0 

4*39 



i 0 to 

100 

! ^0*0450 

140*3 

6*31 

CHiorino (liquid) . «* * 



: 0 to 

24 

0 2262 

35 ’O' 

" 8 02 

Chromium , 



22 to 

51 

0 1000 

52*0 

5*20 

Coba'lt 



16 to 

100 

0*1030 

59*0 , 

6*08 

Oopfier* . , 



1 15 to 

238 

0 0951 

63*6 

6*05 

> Gallium (solid) 



1 12 to 

‘23 

0 0790 

69*9 

5*52 

Gcnnanium . , 



0 to 

100 

1 0*0737 

72*5 

5 34 

Glueiinini * . 



0 to 

100 

i 0 4246 

9*1 

3*87 

.Gold . 



’ 0 to 

100 

j 0*0316 

197*2 

6-28 

ludiiuii 



' Oto 

100 

0*0570 

11.4*8 

6*64 


in 


I o "le. courimneH Jead. r 

See k ,, o T«, . ^ 


roj/. Belff., ISf);"), 27, f.i.], 1- 
n tlvaiis, r/tysico- Chemical Tables, vol. i. p. 183 (Griffin k Co , 1902), gives a 

057 * ^ of the specific hea'.-s of elements, and f8r Vinther details of these the 

* a r 11 ^ to his comprehensive work. See also Laiidolt-Burnstein, Phyjikalisch- 

3 cnd^'a« ^ Ujjg. and Chemical QmstaiUs, by Kaye and 

^ r! ww’u,d T. W. gichards and F. G. Jack.son {kTetW,. physilcal 

g u, ^4ii . 1*; have detennined the specific and atomic heats of many elements at 

64'^'^ i/)*/? ’ ® excellent summary of eadier work, H. SchimplF 

1897, 61 , 479 ; W. K. Bousficld 3i. !’• 
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TASLE OF SPEOIFIC AND ATOMIC HEATS OF THE 


Element. 


% 


lorlino (solid) 
Iridium 
Iron 

Lanthanum . 

Lead/ . 

Lithium 
Magnesium . 
Manganese . 
Mercury (solid) . 

,, (liquid) . 
Molybdenum 
Nickel. . ^ . 
Nitrogen (liqui*!) . 
O.smium . 
Oxygen (liquid) *. 
Palladium . 
Phosphorus (yellow) 
,, (red) . 
Platinum 
Potassium^ . 
Rhodium 
Rubidium^ , 
Rutlieniuin . 
Selenium (cryst.) . 

Silicon 
Silver^ «. 
Sodium^ 

Sulphur (rhombic) 
Tantalum . 
Telliiiiimi (cry.st.) 
Thallium , . 
Thorium 
Tin (cast) , 
Titanium 
Tungsten 
Uranium 
Vanadium . 

Zinc . 

Zirconium . •. 


(amorpli 

(ciy-st.)* 



ELEMENTS— 



Temperature 

Interval. 

• 

Mean 

S{)ecific 

Meat, 

• 

Atonkc 

Wei^it. 

• 

Mean 

Atomic 

Heat. 


‘C. 






9 lo 

98 • 

0 •0.511 

1*26*9 

6*86 


Oto 

100 

0 0323 

193*1 

6*24 


W to 

100 

0-1190 

55*8 

6*64 • 


0 to 

100 

0‘0449 

l«f *0 

6*24 

• 

18 to 

100 

0-031 0 

207-1 

6*41 


0 to 

100 

0-9102 

6 9 

6 28 . 


18 to 

99 

0'24f!0 

24-3 

6*98 


14 to 

97 

,0-1217 

54-9 

6-68 


- 78 to 

- to 

0-0319 

200 -G 

6-40 


20 to 

.50 

0-0331 

20 fi '6 

6*64 


1 5 to 

91 

0‘0723 

96*0 

6*94 


18 to 

100 

0*1090 

58*7 

6-40 


- 208 to - 

196 

0 4300 

14^0 

6-02 


18 to 

98 

0 0311 

190*9 

5-94 


- 200 to - 

183 

0-3170 

16-0 

6*56 


18 to 

100 

0 0.590 

106 7 

6*30 


13 1,0 

30 

0-2020 

31-0 

6*26 


1 f) to 

98 

0*1698 

31*0 

5.26 


0 to 

100 

0-0323 

195*2 

6*31 


0 


0-1728 

39-1 

6-76 


10 to 

97 

O-O.580 

102*9 

5*07 


0 

• 

0 0802 

85 45 

6*85 


0 to 

100 

O-uOll 

10?-7 

6*21 


22 to 

62 

0-0840 

79-2 

6-65 ' 

• 

18 to 

• 28 

0 095:P 

• 79*2 

7-55 


129 


,0-1961 

23*3 

5*56 


17 to 

501* 

0-0.590 i 

• 107*9 

6-46 


0 


0-282S4 

23*0 

0 51 


17 to 

4.5 

0-1630 i 

0^*1 

5-2J 


- 18.5 to 

20 

0 0326 

181-5 

1 5*92 

• 

15 to 

100 

0 048i 

• 127 -.5 

' (fl 6 


20 t(. 

100 

•0 0326 . 

2^)4 -0 . 

6 65 • 


0 to 

100 

0-0276 

232-4 

6-41 


0 to 

100 

0-0559 

119 0 

6 - 6 fi 


. 0 to 

100 

0*1125 

48-1 

5*41 


1 .5 to 

93 

0*0310 

18?-0 

6*26 


0 to 

98 

0*0280 

238 5 

. 6-68 


0 to 

100 

0*11.53 

61-0 

• 5-88 


20 to 

100 

0*0931 

65*4 

6 08 


0 to 

1»0 

fi-OCGO 

90 6 

5 98 

1 


, Dulong and Petit’s La\i —In 1819 Diil!)n|j( and Petit ^drow^attontion 
to the fact that the product of* the atomic weigtit and specific heat for the 
majofity of the solid eiciftents then known ^was constant — in otliT3r words, 
that the* atoms have tlie same cajiacity for heat. From the data in the 


’ A. Magnus, Physik, 1910,*(iv.)f 31 , 597. 

^ Kengade, Covipt. rend., ]{)13, 156 , 1897. 

3 K, Griffiths, Proc.. Roy. Soe., 1914, A, 89 , 1914. 

* See p. 90. • 

* Dulong and Petit, •Jtm. Chim, Phys., 1819, [ii.], 10 . 395. 
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preceding "able (pp. 88 'and 89) the gcneml appWcability of rf-fulpng and 
Petit’s Law will be appar;cnt. . * 

Leaving out of consideration bfiose elements which are gaseous at ordinary 
.temperatures, it wull be observed that the atomic heats of the ehiments do 
not vary yreath/ from the mean value 6‘4. There are, however, a few notable 
exceptions, nai?iely, boron, carbon, glindnum, and silicon. In 1872 Weber ^ 
showed that the specific heats of boron, ftilicon, and carbon pos.sess ab- 
normally large temperature-coellicients, and that at high temperatures the 
atofnic heats of these elements approximate to the mean value found for 
the other elements, althoimh'a sufficiently high ftemperature was never 
stained at wliich the atomic heats actually became A fgw of his results 

are given in thvfollowing table ; — 


r THE ATOMIC HEATS OF CARBON, SILICON, AND BORON 

AT DIFFERENT TEMPERATURES. 

« 


Dinniond. ^ 

Orajiliite. 


Silicon 


Uoron 2 

Temp 
= C. 

Specific 

Rout. 

.yon lie 
Ue.it 

Temp 

''])c( ide 
Heat. 

Atomic 

Heat. 

Temp. 

-c 

SpcciHc 

Jlcat, 

Atomic 

Heat. 

Temp.'- 

“C. 

♦ 

Spec] He 
Heat 

Atomic 

Heat. 

-50 ‘5 

0‘064 

0 76 

-50-3 

0 114 

1-37 

-30-8 

0-136 

3-81 

-39-6 

0 192 

2-11 

+ 107 

0'1]3 

1 •:)5 

+ 10 8 

()-f60 

1-92 

f 21-6 

0-170 

4 75 

+ 20-6 

0 238 

2-62 

86’^ 

0'177 

2-11 

138 5 

0“J.'4 

3-05 

86 0 

0 190 

5 32 

767 

0-274 

3-01 

206 

()‘273 

3-28 

21!) 

0-325 

3-90 

1-29 , 

0 1 96 

5 50 « 

e 126 

0 307 

3-38 

616 

0’444 

5-3:3 

610 

0 450 

5-11 

]S4 j 

0-201 

5 ()3 

177 

0 338 

3-63 

' 987 

0-462 i 

5-55 

f 

!)82 

0-4()9 

1 

5 62 

« 

232 

0 203 

5-68 

233 

1 

0 366 

1 

1 -33 


Weber therefo*^ sifggested that, for tlie pur})o.se of applying Duloug and 
Petit’s Law, tlPe values for thg specific heats of the eleinoiils should be taken 
at those teinperatums at whicli tb<'y increase mo^t slowly, r 

'Jf^iirteen y(‘;r-s latci^, Kum[Mdge^ deleTauiiu'd the specific lieat of glucimim 
at various tempcratiires and showed that at bOtb ft the value remained 

nearly* constant. I4is nesults are embodied ii^ the foWowing table: — 

« 

* THE ATOMIC HEATS OF GLUCINUM AT DIFFERENT 
TEMPERATURES. 


[■ 

Tern jier.i lures. 

“ C. 

iS|u(;ifi<j Heat 

Atomic ffeat. 

0 

0 3756 

3-42 

10(1 

0 4702 

4-28 

' 200 t 

0 5420 

! 4 -93 • 

3(10 

0 5910 

1 c5-38 

400 

0 6172 

5-61 

500 

0-6206 

* ft'65 

^ 

~ C __ 

r 


^ WebA". 1‘hiL M(uj.^ 1872, [iv.]i 49 , ‘‘KH, and 27(3. C<irnj).u-e Tildeii, Trans. Che 
Soc.f 190f),‘’87, 551. ^ This was rtMlly' a boride of aluniiniuni, S(e Vol. IV. 

3 IIvmiiipfge<’P 7 W.V% Soc , 1885, 38 , 188 ; 1885, 39 , 1. 

^ This taf)le is coudeused frtmi Miss Preuud, 'The Study of Chemical Go itp'Sdan, p 3 
(Camb. Univ. Press). • 
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It accorcjjiigly appeaw that if the temperature at which the spfjifio heats 
pf these *olements are takeft is sufficiently high, carbon, silicon, boron, and 
glucinum may fall into line with the*other el«nents,and conform to the Law of 
Dulong and Petit, although as yet the value 6-4 has not been attained fpr 
the atomic heats of any of them. 

It may well be urged, however, that it is not fair to talfe the specific 
hca^ of tliose fonr elements at the higliosi attainable temperatures and com- 
pare them with thos(i of the otlu'r elements at lower tem[)eratures in order 
to make them fall into line with an empirical law sucl\ as the one now under 
liscussion ; especially singe the revolts of the iftimerous reseanffics show that 
die atomic hoats^of certain metaL rise coiibidcrahly above the mean value o|^ 
5‘4 when the temperature is raised. This is well illustrated following 

,able:-i 


THE SPECIFIC AND ATOMIC HEATS OF DIFFERENT METALS 
AT VARYING TEMPERAtURES. 


AbsolutH 

Alutniiiiuni. 

N ickel 

Pbitiiiuiii. 

Teiiiiiera- 

• 




. - • 

, 

til re. 

Spi^'ilie 

A 1 Millie 

Sfieeilic 

Alondo 

S|>ecilic 

Atomic 


Heat. 

Heat. 

Heat. 

Heat. 

Heat. 

Heat. 

300 

0-20.'.3 

r, r,o 

0*1051 

0 It 

0*0311 

0*«1 

r.oo 

0 2-lhl ^ 

0-1 1 

0 1233 

7*19 

0 0344 

0 04 

700 

e-2r,;n’ 

0 31 

(1 1 {1)1 

7 .kS 

0*0 17*2 

7*19 

1 900 1 



0 1333 

7*8(1 

0*0*3!i7 1 

7*07 

1500 



1 

• 

i 0 (140^ 

8 91 


It would appear, tlierefore, that tlie fisi'st course is to a*lo])t Tildon’s 
suggestion, ^iiid compare the spi'eitic heats («f ifio elemcigts betueen O' and 
100” and treat as irreconcil.ible e\(;eptions all elementtg that do not eonlbrm 
to the law under these conditions. 

It is worthy of note^that the atomic heats of the solid elements at coigitant 
(A„) show more regnffinty than do thu atoniii; luvath (‘(Hislattl 
3 (A^J. * The former may be e ilculated f>y utdising the relationship — 


volume 

pressure 


A! - A, 


'•) 


in which T, V, a, and /i denote the alisolutc temperaciire, aiomic'voJnnH', and 
coefficients of compressibility and c.vjiaiisjon respectively. For tifteen elements, 
the eonjprcssibili^es of which have been mlMsur#d by Kichards,- the mean 
value tor the atomic heat :gt constant volume is T)’!) at 20“ (J,, and the average 
deviation only 0 00,‘^. From the researches of^ (jnmei.sei*'* it appears that 
tlfe preceding equation maf iHrsmiplitied to 

. • A„--\,-/.-.T.LV'. . . . . (ii.) 

whore k is*llie constant for tlic parliciijar element. 


* This table is condensed friiiii Tildi'ii’S IFts, 7VeH.s ('hem Sor., 87 . bb.'i. 

^ hiehards, (kirnegie Institutwn- Puhlhalion, 1907, No. 70. * • “ 

* Lewis, J. Amcr. Chc/m, Soc., 19(17, 29 , llOa. • 

* Clriinuisen, Atm. Physik, 19(i8, 26 , 893 ; 1910, 33 , 33, 65, 1239. 
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Speci# c Heats at Low Temperatures.— 1ft general ti» diifereifoeg 

Noticed between the atomjp heats begome accentuated at temperatures below' 
0* C. Numerous oxpcrimonts at^iow temperatures have been made by ]^hn,^ , 
TUden,^ Dewar, ^ SchimpfT,^ Richards and Jackson,® Dewar,® and particularly 
by Ncrnst ai^^l his collaborators,^ who have measured specific heats at tem- 
peratures do\^n to the boiling-point of liydrogen. As the temperature is 
lowered, the specific Jieats of the elemejits faU, rapidly at first, but afterwards 
more slowly, tending towards the limit zero at the absolute zero of temperature. 
Thb accompanying table contains some of the results that have been obtained : — 


• Silver. 

Lead. 

Copper. 

Zinc. 

Alnminifmi 

• . 

Diamond. 

. T 

Atomic 

'r 

Atomic 

T 

Atomic 

'r 

Atomic 

T 

Atomic 

T 

Atomic 

abs. 

Heat. 

abs. 

Heat, 

abs. 

• 

Jloilt. 

abs. 

Heat. 

abs. 

Heat. 

abs. 

Heat. 

173 

5 46 

2t)2 

6-23 

173 

4-98 

173 

5-32 

173 

4-54 

202 

1-14 

123 

4-97 

198 

6-27 

!23 

4-29 

123 

4-84 

123 

3-71 

‘232 

0-86 

86 

4-40 

193 

6-02 

88 

3-38 

94 

4-55 

88-3 

2'G-4 

222 

0-76 

77 

4-07 

f23 

5 89 

.33-4 

0-538 

85 

4-24 

86-0 

2-52 

220 

0-72 

66 

3 66 

101 

5-75 

27-7 

0-324 

75 

3-95 

83-0 

2V , 

209 

0-66 

63 '8 

2 90 

63 

5-6.5 

23-5 

0 223 

64 

3T)1 

35-4 

C-33 

205 

0-62 

45'4 

2-47 

36 8 

4-40 



43-7 

2-17 

32-4 

0-25 

92 

0'03 

39-11 

1-90 

28-3 

3-92 



36-3 

1-71 


... 

88 

0-03 

35*0 

1-58 

23 0 

: 2-96 



33-1 

1-25 



30 

0-00 

1 








• 

• 




If the preceding values are represented graphically, it will be seen 
(fig. 48) that Hot only do they indicate that the specific heat of an element 
fanishes when the absolute zero is reached, but also that its rate of variation 
with the temyera?ure,*viz. liQ/iZT, vanishes also. 

According to tl^p recent resqjirches of Dewar, it appears that at 50“ abs.* 
the atomic heat of an ^lemimt is a periodic function of its atomic Tveighfc. 

•Specific fieats and the Quantum Theory.— Specific heat measure- 
ment! temperatures are of great interest in connection with Einstein’s 

tl^eory of smecific ^leats. l^roin kiiu.'tic consifl orations it was calculated by 
Richarz® that the atomic heat at constant volume of a mbmttomic solid 
element should be equal to 3R or 5*95 calories. But the kinetic theory does 
not account fyr the deviations from the Law of Dulong and Petit or for the 
great variation of specific heats with the temperature. Planck and Einstein^ 
assume«that * vibrating atom cannot take the energy continuously, but only 
discontimconsly^ in definite units (the so called energy q^ianta), which are for " 
each atom or vibrating s 3 istem proportional to th*e frequertcy of vibration) 
i.e. the vibrating atom of matter takes up “atolls” of energy, so t&«peak. 

^ HehiL Ann. Fhy^ik, 1898, 6d5 237. 

• * Tilden, Fhil. Trm^., 1900, A, 194, 233 ; 1903, 2di, 37. 

* DfWgr, Proc. Roy. Soc., 1905, A, 76, .325. , ^ 

* Sclimipir, Zeilsch.physiJ.al. Chem , 1910, 71, 267. 

* Riolmrcls and Jackson, ihid., 1910, 70, 4U* 

, * Dewar, Pi4c. Roy. Soc., 1913, A, 89, 158? • 

Noftist, Knref, and Lindcmaniif K. Aknd. Wiss. Berlin, 1910, 247 ; Nernst 

ibid., lOfO, p. 202 ; 1911, p. 306 ; Ami. PjiySik, 1911, (iv.), 36, 39.5 ; Ncrnst and Linde 
tnann, Sdxwn^her. K.*Akad. IFiss. Berlin, 1911, p 494 ; Koref, Ann. Physik, 1911, (iv.) 

35 49. • ® Hicharz, Ann, Physik, 1899, 67, 702. 

** Einstein, Ann. Phystk, 1907, (iv.), 22, 180; 191i, 35, 659. 




It may tjier#be calculate ^lat the atomic heat of a monatomic c/ernon^l iti 
atoms of whicii can only vinrato about moan posit should bo e<pml to. 

wh^e R denotes the ordinary gas constant (1'985 cals.), 1 ' the absolute 
teu^Qrature, v the frequency of vibration of the at»in, and denotes a 
universal constant (4 8(15 x 10“^^). According to this formula, the atomic 
heat of an element is ni^at tlie absolute zero,^when dAfdT likewise vanishes, 
With rise of teinperaturo, the atomic heat increases slowly, then more rapidly, 
and finally it again slowly increases tow'ards the limit 3R. It is possible 
to reproduce the n'slills of jijiecific heat nieasnrcnu'nls nt temperatures 



with considerable accuracy b^ moans of this formula ; at extremely loW' 
temperatures, however, it gives results that are too small.# 

Einstein’s formula refers to the atomic lieat of a solid at c^miant volumK 
At very low temperatures this value diflers inappreciably from tlTo atomio 
heat at consUuit pressure, but at ordimny temperatures the dillcronce is 
quit^,* appreciable, and may be calculated'by nfeans of the above equation.^ 
Introducing Einstein’s formula for A„ into the equation (ii.) of p. 91, and 
♦using the values 6f h obtajjed from tlriin#ison’s ex[j«rinjentul data, it is 
found possible to reprofluce* tlio observed values of A,, with cbnsideraljjie 
accuracy for a iiumbeik o£ metals by choosing suitable values o£ jSv, Th6 
.agreem^t at low temperatures is bettor if the modified equation 

: 18 adopted; this expression enables the specific I^eats of silver, l(!lbid, coppor> 
and aluminium to be caleulat^id with remarkablo accnrficv from fhn 



H. 

)ure of liqlid hydrogen to 550” abs., and with diamond iioias 

jpto 1100”abs.i , 

On the assumption tha1» an cfcment nlelts when the amplitude of vibra- 
rk)n of the atoms is ecpial to the distance lietwccii tlieni, it can be calculated^ 
hat the freqjiency v is proportional to where T^. is the meltiiig- 

►oint, m the atomic weight, and V the atomic volume at the melting-point, 
i’rorn this result an{h the preceding formula* for the specific heat, it foiiows 
hat an element may bo expected to deviate from the Law of Dulong and 
‘elit at ordinary temperatures if it lias a low ajj^omic weight and a high 
lelting-point ; on the other hand, an element of low melting-point and high 
tomic weight may be expected to follow the law, oven at fairly low tempera- 
ires. The als.formal behaviour of boron, carbon, and silicon thus receives an 
explanation, and also the fact tliat the specific heat of lead only falls off 
a^owly with the temperature.^ 

Determination of Atomic Weights.— For practical purposes it is 
best to assume, with Tilden, that Dulong and Petit’s Law represents a rough, 
empirical rulo,*valid when the mean specific heats are determined between 
0“ and 100“, with three or four well-marked exceptions. In several cases the 
law has provec^ very useful as a moaus of fixing the atomic weights of several 
elements when their equivalent or comhiuing weights have he#n known. 

Uranium is a case in point. This element has a t^ornhining weight of 
39*75; consequently its atomic weight is given by the expression 

A = :31)-7r)x V, 

• • 

where A is tlie atomic weight and V the valency. On account of the supjiosed 
resemblance of uranium to iron, the valency of uranium was taken as 3, and 
hence its atomic weight as 39*73 x 3 - 1 1!)‘*25. MendelceflU however, placed 
the element in the sixth group of the periodical table along with cbrorniuni 
and sulphur. Hcfice fm oxide of 4lie formula U()^ was to be expeeted, and ^ 
therefore a valeiic}'’ of six. Tbi^ meant doubling the atomic wei^ulit, which 
thereby became 235*5. The (juestioii was settled in 1<S82 liy Ziminerniann,'’ 
wboifound the iifieeific fieat of the element to lie 0 027, from whii*h, according 
to Dulong and Petit’s Law, the ap[)roximatc value of JLhe atomic weight is 
given t)y the expression*— ^ • 

Atomic heat fi’d o|.() 

Specific heat 0*627, 

’ MendeUietFs vieti's thus received confirmation. 

^ Nernst and Ijinilcnmnn, Zeiluch. E/t’HrocIinn., 1911, 17 , 817. 

® Lindfiuami, Physikal. Zetlsdi., 19U), ii, C09. * / 

* For further discussion of Knistoin’.s fonnul.a and its anplication to cnmpnund#, see 
Neriist, Zeilsrh Eicctrochem., 1911, 17 , 2(55; Koonigsbeiger, 1911, 17 , 289; Magnus 
and Lindeniann, ,*1910, l 6 , 259; and the rcforeaces previously cited to Nernst and 
. his collaborj^ioi’s. A new (juantum theory, in which t'l^ quantum jninciple applies, not to* 

. the se[iarate atoms ot a body, but to the el.i.sLic waves which can be projiagated through it, 
has been developed by Debye and by Vorn and von Karman.* appears to bo superior to 
Einstein’s theory. Aecoiding to tlic new theory, at temperatures not hw removeil from the 
absolute zero, the specific lieat of an element is iwoporlional to the ci^be of the absolute tem- 
wraturo. (See Dtbye, Jmi. rhy.uk, 1912, [iv.], 39 , 789 ; horn and von Karman, Vhysikal. 
Zeitsch., ms, 13 , 297 ; 1913, 14 , 15*i 'rhirring,. <5iV^. , 1918, 14 , 887 ; Eucken, Ber. deut. 
fhysikal, 1912, 13 , 571; Eucken and fjchwers, ihid,, 1913,^ 15 , 678; Nernst and 
Lindemaiin, 0 >SV/JKW/ 57 /t'r. K. Akad. IViss. Berlin, 1912, p, 1160; Nernst, 1912, 
p, 117*2. ) » * * MendeJ<5efr, .zfzma/c/i ° 

® Zimraeiinann, Ber., 1882, 15 , 847. * 
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In a^siAilar niannef the atomic weights of indium, coriinl, and lan- 
thanum, have l)cen (ietermiiHuJ.^ ^ 

Specific Heats of Compourfds. — ln*! 8 J?l Koumann - extended Diilong 
and Petit’s l^aw to certain grou})S of closely related compounds, as, for ex- 
ample, the carbonates of the alkaline earths, by drawinjj; atten^y)n to the fact 
that these bodies exhibit the same molecular heats. Tins is ^('11 illustrated 
by«^ie following table, in whicli-tho modern values for the specilic heats and 
molecular weights of a nnmlier of sulphates are given : — 



- & 






SnbstaiK^. 


Korniul,!. 

Tcmpciatiirc.j 
“ C 

Speciiic 

Heat. 

Molcouiar 

Weight, 

Alolecular 
Heat, » 








Calcium .sulpliato 


CiiSOj 

' 13-fS 

0-197 

I3(M 

26-8 

Baiinm suljdiatc 


ItiStb 

i 10 98 

on;: I 

233-4 

26 4 • 

Strontium sulph.vtc 


SrSO, 

1 21-99 

o-n:{ 

184 -7 

26 '3 

Load sill [diato . 


ri.so, 

: 20-99 1 

i j 

• 0-087 

303-2 

# -- - 

26-4 


Pegnault^ extended Neumann’s observations, and conllrmed the law by 
more accurate determinations of the sjx'cdic heals of metallic^oxides, halides, 
sulphides, carlitriates, sulphates, and nitrales. 

Neumann’s law,* however, is only of limited aiijilication, inasmuch as 
it only applies to chemically related substances. Joule"* and Woestyn® 
a few' years later jioinled out that the molecular heats of compounds are 
the sum of the «ilPoinic lu'ats of the constituent atoms — a generalisation 
that enables us to connect all types of compounds together and is 
thus as universally apjdicablc as ]>ulong said Petit’s liaw for the various 
elements. >Since Kopp'’ did much to establish its tiuth, th?s generalisation’ 
is usually termed Kopp’s Jjaw, although it cannot liji claimed that ho was 
its originator. s 

It wilUbe clear that Kopp’s Paw is tantamount to j^ostulating that the 
atomic heats of tlie elements remain a])pioximately»the saiju; wliethor the 
latter are frei; or comWiied ; and that such is actually true iii many cases is 
evident frmn the follwvi I ig table , ^ 


SulKstance. 

Foi'inula. 

Specific Heat. 

Molecular Heat. 

Silver chloiido .... 

AgCl 

0-091 

* 13-1 5:2x6'6 

Cuprous chloride 

Cu(!l 

0 138 

I3-(i-2x6-8 

I’otassium chloiylc , .• 

K(;] 

0'173 

12'9 = 2x6‘6 

Barujiii chloride • 

I’-aCl.. • 

• 0 090 

18 8-3X6-3 

Mi%uric iodide . . 

Hgi.: 

6 012 

19 1 ^3x6-4 

Lead iodide .... 

■ 

BhP 

• 

m 

0-013 

• • 

19-7 = 3x6-6 

r— 


ji- 


* See Vol. IV. 2 Nemiiaiiii, f'oijy Amiairn, IHill, 23 , P 

^ Kegiiault, Anv. Chim. FJiys., 184P (m.J, i, liit* , i'ej/y. Annahn, ISJ], 53 , 60 and 243* 
.foule, Phil Mag* ]84'1, (iii.J, 25, 3 if. 

® Woestyii, Avn. CInm. Phys., 1S48, [iii.], 25, *29#. 

® Kopp, Anna/cn Supplement, 1864, ^ 1, 28!'; Proc. Roy. Soc., 1864, 13 , -229 ; Phil, 
Trans., 1865, 155 , 71. See also Thorpo, h'o}>p Manorial Lcdflr^, deli'^ero^ before the 
Clienucal Society (London), Febiuary 20 , 1893. Tildcn, lem. dt. ; Sclinbcl, Zeitsch. onorg 
Cham., 1914, 87 , 81. 



Tbie fcHlowing observations affoi^ furtiier argilftients in frf/oivr of-tb^©; 
truth of Kopp’s Law : - , * . 

1. Bodies containing equal jb’oportiorts of tliose elcincuts which do not 
conform to Dulong and Petit’s Law have approximately equal molecular 
heats. This ;s evident from a consideration of the ditFerent compounds of 
oxygen and sul^)hur shown in the table below, both oxygen and sulphur possess-' 
ing abnormal atomic Jieats. The regularity here noticed is, of course, mfjiPely 
a special case of Neumann’s Law. 


* Substance. 

tm 

t 

Formula. 

Molecular * 
Weight 
(0-16). 

S^eci^c 

Molecular 

Heat. 

flopper oxide .... 

CuO 

79*6 

0*142 

11*4 

Mercuric o.xidc .... 

HgO 

216*3 

0*052 

11'2 

Nickel oxide . . . . < 

NiO 

74*7 

0*159 1 

11 9 

Iron sulphide .... 

J<\‘S 

87*9 1 

0*1 36 

11*9 

Lead sulphide . • . 

PbS 

239*1 { 

0*051 

12*2 

Mercuric sulphid*' . 

r - - - 

JlgS 

232*7 I 

0*051 

• 1 

11*9 


,2. The values obtained for the atomic heats of abnoripal elements arc the 
same (approximat(dy) whether deduced from the molecular heats of their 
compounds or calculated directly from the observed specific heats of the 
elemerits. Thus, in the table above, copper oxide (CuO) has a molecular lieat 
of 11*4. Now, the specific heat of copper is 0*01)4 at UfnTperatures ranging 
from 20° to 100“ 0., so that the atomic heat is 0*094 x 63*G = (1*0, and the 
atomic heat of oxygen is in c«)nsequcnco 11*4 - 6*0 == 5 * 4 . The observed 
specific heat of Liquid oxygen at - 190° 0. is 0*347, whence its atomic heat is 
0'347 X 16 = 5 * 55 . tTliiii IS a rather ^favourable example of the nature of the 
agreement ob.stfrved. , 

Kopp’s Law ma}^bo used to Aetermino the atomic weight of element 
the equivalent 4 f which is luiowii, irrc.spcctive of whether or not the pure 
element itself has been isolated. Thus, for oxampM, suppose the atomic 
weights of mercury* is , required, analysis of yiercuric* chloride shows the 
equivalent of tin; rnotal to be 100*3, and, by applying one ofithi! methods 
detailed in Chap. IV., it is found that the molecular weight of mercuric 
chloride is approximately 271*5. Evidentli; therefore the formula of the 
salt is Hg„Cl 2 , ffnd the problem is to find the value of n. A determination 
of the specifiq heat of mercuric chloride yields the value 0*069, and the 
molecular heat is therefore 0*069x 271*5 = 18*2. From Kopp’s Law, then, 
the number of atoms present in tlyc molecule is 18*2/6*4 = 3 (approximately); 
whence 71 = 1, the formula for mercuric chloride is HgClg, 'and the sf^ftmio 
weight of the metal 100*3 x 2 = 200*6. * 

Specific Heats of Casts. — Hitherto intention has been confined to, 
study bf the specific heats of solids and fiquifis. With gaseous "bodies 
new factors have to be considered, for in the equation • 

Q = Q{ + % + Qa 

(cy;‘p. 87Jf, •Qp may or may not Ife negligible according as tne speoinc neat of 
the gas ai copstanf) .volume or at constant pressure is determined. Of the 
two specifif heats of a gas visually considered, the one measured at constant 
pi’essure exceeds that measured at constant volume by the thermal cquivalenji 





„v*n. xuvjuucu w overcome me resistance offered to tlio efpanBjl&A 
f.pbfe' gas/ When a gram*molecule of a gas lj§8 its tmnperature raised t}jrtoii(|li; 
one degree centigrade at constant* pressure it ctn be rea(iily proved that 
'tiio amount of work done during external expansion is represented by R, tfte! 
^nstant in the gas equation — • ~ 

PV = RT 

V \ • % 

(see p< 27). Furthermore, it can bo shown that the work done in increasing ‘ 
the translational motion of the molecules of a gram-molecule of gas wtfen"’ 
heated through one degrel centigrade is :]U. * * 

Hence at constant pressure _ Q, + Q^, + [j R -f R + Q* * ' 

Molecular Iieat aifc constant volume Q< + Qo "" Hi + Qa ’ " 

Now, in tiio case of monatomic gases it may be assumed that the value fof 
Qa must be negligibly small, so that the following ratio for the specific hea^is , 
is obtained : — 

Molecular heat at constant pressure i!R-f-R _ 

Molacular heat at constant volume ”’•^11” * 

[f, on the othet hand, the gaseous molecules are diatomic or polyatomic^ * 
i>he value for Q,( may be expected to increase with the complexity of the' 
molecule, and the value for y to decrease in proportion. Hence, by deter- 
mining y for a given gas or vapour, it should bo possible to obtain a -clear 
■indication as to wliej^bcr its molecule is monatomic or complex. In order ta 
do this, it is not necessary to actually make a determination of the Iwo 
'specific heats, for it wais shown by Laplace tjiat this may bo deduced from a 
knowledge of the velocity of sound in the gas, by making use of tfle equation — 


v~~ ijypjd or y = 

where v is tjio velocity of sound, p the pressuR', and d the density of the gas, 

^ Kundt and Warburg^ determined the velocity of.soiwid in n^rcury vapyur 
by means of the appanatiis generally known as ‘‘Kundt’s dust-tube,'’ and 
deduced therefrom the*valuo of^l’(i7 fory, thus proving tliiit mercury vippui 
consists of jporyitomic molecules. This result is in perfect harmony with tlfe 
conclusions from the vapour density of mercury and its atomic weight ^ 
determined in other ways. * 

In the case of the inert gases of (Jroup 0 in the period-ic table it is 
' impossible to make determinations of their atomic weights frorp a study of 
their compounds, as none are known to exist. Their molecular weights may^ 
be determined by the usuaj method for gases (see Chap. IV,), and the relation- 
ship between thes^ magnitudes and the atomic weights may be derived from 
'determinations of y. TheViliies obtained for y always approximate closely 
to 1*67,^ whence it is concluded that the moli^ules of tdie inert gases alrC 
,mftnatomic; • T • 

In tlie case of diatoiyic^ gaseous molecule^ the value of y is fpnrid by 
;t[xjperimenj to range from about 1*41 for the “permanent gases” to about 
1*30 for those readilyjiquefiable. Fo»triatomic molecules, e.y. y^O, CO.,, otc.i. 
die values of y are le.ss than 1 *3. 


Kundt and Warburg, Pogg. Annaloi, 1876, 157 . 353. * 

See this volume, Parill. ' * See Part II. of this volume for references. 



“(JflAl'TKIt. III. 

lOLUBItSTY, SOLUTION, AND SOMis PROPERTIES 
OF SOLUTIONS. 

AND Soj.UlION. 

It has been in tlio |)rocc(liiig cliapior that it is impossible for two 
different gases in c.oiitaijt to remain in separate layers, howeven’ much their 
densities diff'^'. The luvcess of gaseous dillusion is, however, only a special 
case of wliat occurs when many substances, whether gaseous, liquid, or solid, 
are left in contact. Thus, if a limited quantity of salt lie placed at the 
. hottom of a vessel of water, it presently disappears as a solid, and can, by 
testing, bo found distributed throughout the liquid Few substances refuse 
to mix to some extent, however small, (larbon disulphide, for example, can 
dissolve very small (juantitios of wati'r, and water of carbon disulphide; or, 
again, water can take up small ipiantities of silica, as well as of many other 
substances, si^ii as silver chloride, which, for most practical purjioscs, are 
regarded as insoluble. Such admixture is termed solniion, one of the sub- 
atances being carted the solvent ; other, usually the added substance, is 
called solute. ^.Whon a 'soliil or a gas dissolves in a liquid, the latter is 
regy.rded as the sohqmt ; a solid may be a solvent for a gas;'' and linally 
wlfeii two liijttids are mixed, each may act as solvent or solute, as will be 
evidi^nt from a later section. ^ 

, 4 , There are several' poipts about the pro6i(3ss of solution which may be 
noticed, ff t^^^o suLstances which do not mix in every possible! proportion 
arCi left in contact, and if at the end of a considerable time the added 
substance ren\^uns in excess, a saturated solution will have been formed. The 
rate at whicli this saturated state is reached depends on several factors, such 
as the^tate bf subdivision of the solute, and the rate at which the solution 
formed dilfuses away into the solvent. Agitation, which assists diffusion, 

' causes solution to occur unore (Quickly. The solubility of ?i substance in a 
given solvent is always a statement, in some form or other, of the relative 
proportions of solyent and solute that will yield a saturated solution at an 
assigned* temperature and pressure. Who*^' saturation has been reached, 
‘whether^ by prolonged standing or by agitation, the solution will be homo- 
geneous, having the same conebntration in all parts.' 

A solution has already been defined^ as a homogeneous mass'^of two or 
jjmore substances, the composition of which can vary hontinuously between 
f'aOfinite limits. This definition (foes iwt confine solutions to any particular 
of niatfier, rtnd it is possible to have solutions of gases in gases, of g^ses. 


^ See Chap. I., p. 7, 



' 1^ foltid^, ajjd of jBolids Vi: solias; as well as of^'isolutii^fta' pf 2aSos,jli<jui^^; Ittof 
,.|(blids irf liquid solvents. iThcsc didercnt cases will now bo disonssed. ^ ' 
Solubility of Gases in Gases. — Fn^n what^has been sjvid in connoctibi 
with the diftiision of f'ases, it should bo evident t*!iat there is no questioa;;©! 
investigating the limits to wdiich gases mix, for tlioy are soluble in*ali 
proportions in one anotlier. / 

AVhen two or more gas(‘s arc contained in the same vessel the pressure of 
the mixture may be determined by a simple rule kiil»\sn as Dalton'^ Law^ 
according to which ihe prtftstire e.trrted by a yamms inixtin'e is e({ual t(i thi 
sum of the pressures whiifji the. eoustituoits v)%nld evert if each oeeupied, 
ately the volume of the mixtured The pressures w'hieh the constituents would, 
exert separately are t^u’med tiieir pressures in the mixture. JTonotitig 

them by jOj, (?tc., and, the total pressure of the gaseofts mixture by/Fj 

then Dalton’s Law may bo simply stated thus : - 


In common with ilio otlier gas laws, Dalton’s liaw is only H])pr()ximatqj 
and at high pressures it breaks down. At moderate ])i-essnres, however, it 
holds with rqfisonahle accuracy for vapours as well as gases, provided that the 
corres})onding li(pii(ls arc not miscible, as was shown by Kegniinlt.- The law 
is commonly (fnployed in di'dncing the volume, at any required temperature 
ami pressure, of a (Iry gas from oliservations of its ])ressure, volume, and tem- 
perature when saturated with water or other vapour. 

Lcduc has shown tliat the following statement is more corrotyt than 
Dalton’s Law , “The volume occupied by a mixture of gases is e(|nal to the 
sum of the volumes occupied by its constituents under tl»e same r(»ndition8 of 
temperature and pressure.” For examplCf calculating from the densities of 
oxygen and “atmos[)heric nitrogen ” at the same temperature and pressure, iji, 
is found that air contains 2.*b21 per cenj:. of oxygen^ thc^experinumtal value 
being somewhere betw'een 23T8 and 23 23 per cent. By nsi»g Dalton’s Law 
as the l)a*^is of tlie calculation the value 23453 i*s ohtaine»4.^ 

Solutions of Gases in Liquids.— The soluUhty of ^ gas in ivjiquid, 
never takes place to s»n unlimited (extent like that of one gas in amither. -The 
apjiaratns emj)loyod«in the determination of gaseous ^olnbiHty usually t.ionyistS 
of the ahfifiqjtioti vessel, a cylindric.al glass fnnmd w'ith i;a])s^at Cf^ch end, and a 
gas -measuring apparatus from which a known volume of gas is transferred, tq 
the absorption vessel and in which, linally, the residual gas is measured?* 

The results of solubility determinations can be expressed m one of two; 
ways, either by the absorption coefirient, a term introduced by Bnnsen, or by 
the solubility, or coefieieut of solubility, a term due to Ostwalu. 

^ 

Dalton, Mem. Munch esUr Phil. Soe , 1802, 5, .043. • 

* Kegiiault, Mnii dcVAcnd., 186’2. 26, 722. • 

* Leduo, (lompt rend., 189'k i«3> 8i'5 ; 1898, J2^ 218, 413 ;m4nn. Ckim. Phys,, ISM, j 

•[vii.], 15, 106; .suf also TV ih’iJTKjlot and Saceidotc, Cumut. rend., 1890, MO ^ 

J). Berthelot, ibid., 1899, 128, 1159. • . 

^ For details of nietlftd.f and apparatus see 44unson, Gasom. Methods (Bruaswick,’ 
1877), 2id edition; Tiinofeetf, Zeitseh. physd'al. ('hem., 1890, 6, 111 ; Winkler. Ber,, iMl,. 
24, 89, 3602; Zeitseh.^ph'iisikal. Phem., 1892, 9, 171 ; Bohr and Bock, Arm, Phjsik, JM,!/ 
44, 318 ; Stt'iner, %bia , 1894, 52, 275 ; Eatreieher, Zeitseh. physikuJ. (tjiem., 1899, 3<, lifV' 
Braun, ibid,, 1909, 33, 721; .lu.st, ibni., 1901, Jy, 342.; Knopp, ibid., 1904, 4S„^97 J . 
-Goffeken, ibid,, 1904, 49, 267 ; Chiistolf, ibid,., 1906, 55i 622; Dwicker^and 'Niolea, 

1911, 75, 406; Fox, Trans. Faraday Sac, 1909, 5, 88 : Usher, Trans. Chmi. Soc,,^9t0f 

7 9 ?. 68 . 



,.> y^^tmi coeffi^i a - thd votam^ 'S'f gas; 

iJQUi;,, which is dissolved at a particular temperature (that of experinietil 
;r>^jlltilt volume of the liquid when the partial pressure of the gas is 760 mu 
livjthe following tables it is expressed by the symbol a. 

-•/ ^he solubility or coefficient of solubility dotined as the volume of ga 
;absorbed under the conditions of experiment by unit volume of liquid,^ and is 
usually denoted by L This quantity may also be stated as the ratio of^the 
CoqceDtration of the gas in the gaseous space in a closed vessel to that in 
th©( saturated liquid below; for, by Henry’s Law,'-^ the volume dissolved is* 
iudepondent of the pressure. ^ ' < 

^ The factors on which the solubility of a gas depends can be summarised 
iUnder four lioacla, the solu))ility varying: — 

' ".A (h) With the nature of the gas. t 

■ The following table gives a comparison of the values of a for a number or 
■gases at a temperature of 20", the solvent being water : — 



Gas. 

a. 

Gas. 

a. 


Helium 

0-0138t) 

Carbon dioxide 

0-878 

. 

Hydrogom, 

0-01819 

( hlorinc 

2-260 


Nitrogen . 

0-01."»-l2 

Hydrogen sul|»bide 

2 672 


Oxygen 

0-03102 

Sulphur dioxide , 

r-‘ 39-374 


Argon 

0*03790 

Hydrogen chloride 


” 

Carbon monoxide 

0-02319 

Ammonia 

710-6 


•' The neutral gases are soluble only to a small extent, ‘'whilst those witli" 
distinct acidic or basic i)r(q)erties dissolve readily, hydrogen cliloridc, 
^ammonia, and rrethylaininc, for e‘Aam{)le, being extremely soluble. A second 
point of interest lies in the fact that the gases exhibiting great solubility arc 
generally the most"^casy‘to liquefy. 

; . (ii.) With the nature of the solvent. 

V. The influence of '‘the solvent is shown very well by the followi9ig values 
obtained by Jur^s for tfio solubilities of nitrogen and carbon dioxide at 25* 
ip various common solvents : — ‘■ 


Solvent. 


viJ^uter \ 

Amyl alcohol . 

Kthyl alcohol, 97% . 

99-8% 

Benzene . 

Methyl alcohol c 
Ace.^'one . 

Methyl acetate 


Solubilities (Z) of: ' | 

1 /-'j- ' 

N,. 

1 0-0302 

Immeasurably snudl 

0-8256 

0*01634 

1-8 51 

0*1225 

2 - 7 O 6 

■ 


0-H32 

2 425 

0*1159 

8-837 

0-1415 

6-295 ' 

0-1460 

6*491 



S terni has also been defined aft the volume of gas^ reduced to 0" C and 

vqlumo of tlie liquid whoii the total pressure (i.e, partial 
1^22 1 Tt’-u ’ solution) ia equal to 760 ram. ( L. W. Winklerf Berl 

o j ■ 7 ® definition is, of course, not equivalent to that given in the text 

Vj W, Hehiy, Phil. Trmis., 1.S03, 93 , 29, 274. 8 ^ uie wxt. 

y*-Ju 8 t, Zeitsch. physikal. diem., 1901, 37 , 342. 



the temperature, 

' v '^In nearly all cases the solubility deoreasts as tlfe temperature rises. '^TH 
'^^teration of solubility is illustrated by the following table of absorp^g 
coefficients of oxygon and nitrogen in water : — ^ 


Temperature. 

Oxygen. 

Nitro^n. 

O'** 

0 04890 

’ 0*02348 

^ 10-* 

0 03802 

0 01857 


0-03 102 

0*01542 

•811“ 

0*02608 

0*01310 

50° * 

0*02090 

0*01087 

70° 

0*01833 

0*00976 

90° 

0*01723 

0*00952 

100° 

0*01700 

• 0*00947 


Xenon, krypton, argon, neon, and helium differ froiii other gases « 
showing niinffiia of solubility in water. • 

Wlicn a solution of a gas in a liquid is heated in a vessel open to thi 
atmosphere, the gas ds gradually expelled, and, if its solubility is accurateb 
expressed by Henry’s Law, is completely expelled when the boiling-point o 
the solvent is reached. Aqueous solutions of hydrogen chloride, bromide, an( 
iodide in water dp, not behave in this manner. When a cold, satiiratec 
aqueous solution of one of the.se substances is heated, gas is evolved (with < 
little water); but even when the solution ^boils it still contains much dis 
solved gas, and eventually distils at a constant temperatui^ unchanged ir 
composition (see Vol. VII f.). ^ 

‘ (iv.) With tlie pressure : Ifenry's Lmf, , 

The law comiecting the effect of presfgiro'with the* solubility of a gai 
was discovered by Henry in 1803,^ and states that the concentration gf tin 
solution is proportional to the pressure of the gas. if the pTossuro of I gas 
above a liquid solvent, be doubled, the mass of giis absorbed will be dqiubm , 
but by Boyle’s Law the densiPy of the gas is alsp doi/bleci ; hence the voliy:ri« 
entering Hio* solution remains constant. From this fact, as already stated) 
the volume of gas dissolved by a liipiid is independent of the pressure. • The 
very soluble gases, e.y. hydrogen chloride and ammonia, ^how doviaSion^ 
from Henry’s Law. . 

If a mixture of gases bo shaken with a solvent, the aPiiouiif of each 
absorbed depends on two factors, namely, the solubility and the partial 
pressure (see p.#99) which each exerts in the gjwijeous mixture. The partial 
pre^tires of oxygen and fiitrogen in air are in the ratio of their proportioiw^ 
by volume, but since the solul^lity of oxygen ^ greater tiiaii that of nitrogeOi 
the gas expelled from wat^r wjfich has been saturated with air w«ll be prot 
porbionately richer in oprgen. Winkler ^ found the following^ were tHfe 
irnounts of gas expelfcd from 1000 c.c. 5f water saturated with air 
temperaCiires recorded below. In t^C normal atmosphere the^rneaii percept^ 


1 L W. Winkler, Ber., 1891, 24 , 3602.* , - . ; • 

- * See Part II. of this volume ; also Kstreicher, Zeitseh. physikdl. Cherr^, 1^9, 31, -17?,; 
UitrqpoJ[r, Froc. Boy. Sojc., 1910, A, 83, 474. • v. 

f '» Henry, Phil. Trans., 1803, 93, 29, 274. 

gee Irfuidblt-Bornstein, Physikahseh-chemisclu TahelUn, 1905, p. 605. 



oxygen is movely 20*9 to 21 ‘0 by volume,* save in tropical countrii^f ; 
where it may fall to 20''1 per contl : — 


Temperature. 

O 2 . 

No and Inert 
Gases. 

Total. 

O 2 per Cent, 
by Volume. 

“C. 

c.c. 

c.c. 

c.c. 


0 

10-19 ♦ 

18*99 

29 -IC 

34*81 

6 

8'91 

16*17 

25*68 

34 69 

10 

7 -87 

14*97 

22*84 

34*47 


6*36 

12*:12 

18*68 

' 34-03 

2 .n 

5*78 

11*30 

'J 7 08 i 

33*82 

30 

6*26 

10*38 

16*64 1 

33*60 


solutions ,.of Liquids in Liquids. — Great variations are possible in 
^bo limits of solubility of liciuid substances. Some lujiiids, such as sulphuric 
acid and water, are capable of mixing in all proportions over j» considerable 
range of tempdaturc. Zinc and cadmium, zinc and tin, lead and tin provide 
examples of the same nature among fused metals,' ‘ 

When two liquids do not mix in all proportions, thej/forin two layers after 
shaking together (provided the one in smaller amount is more than sullicient 
to saturate the other), each being a solution. Thus, ether and water form 
two layers, the upper one a solution of water in ether, tlfo’lower a solution of 
ether in water. The two layers are spoken of as conjuyate sohtions, for the 
reason that on ^^ulliciently raising the temperature, if the solubility of each in 
the other increases as the temperature rises, or lowering it if the mutual 
'•■solubility decreasco witrh rise of toiquerature, a point is idtimately reached at 
which the coi’uposition of ogch layer is the same, and the two constituents ' 
then mix in all profiortions. Thh temperature at which complete •miscibility 
is reached is c'dled tht critical solution tempera t ure. Zinc and bismuth in 
'the liquid state mix in all proportions at and above a* temperature of 050", 
this bbing the eritieal .solution temperature, apd belovv' this point separation 
• infb two laj ers /iccurs.^ ' 

The mutual solubilities of liquids have been very fully investigated with 
t:;0r^anic substances.® c 

Solutions bf Solids in Liquids.— In no case will a solid dissolve to an 
uolimit^l extent in a liquid. The inlluence of various factors, such as the 
rise- of temperature on the solubility, has therefore to be determined. The 
^results are then expressed numorically, as grams or as gram-molecules of 
.^solid taken up by a lixed amount of solvent, and solubility curves, in which 
the solubilities are plotted against the temperature, may be drawn. 

One or both of tVo method. j may bo folloivi'd in determining the solubility 
'of easily or moderately soluble substances, namely, to agitate the solid and 
liquid in a vessel maintained at the temperature dvsfrcd, or to heat the two 
substances to a higher temperature than rc(iuired, and then to cool to the 
' teiuperature of investigation. In eith^ case excess of the solid must be 
^present, not only to ensure saturation, but also to prevent supersaturatiop, 

' - ^ Hoycock and Neville, Triins, Chew. Soe.^ 1597, 7l> 3^3* Sce,also this volume, p. 117». 
St JJeycock and Neville, loc. dt. ; Wright, 7V<a:. lUrn. AV., 1892, 50 , 372. 
f f See Findlay, The Phase llule, 3rd edition (Longmans k Co., 1911). 



aiv^ tho«eatflb value of the solubility ought to ensue whichever’rrtbthocjt is 
'^pted.^ * / {. 

For salts, such as silver chloride and Whim sulphate, which are but ^ 
slightly soluble in water, special methods have been adopted depending on 
the measurement of the specific conductivity of a saturated solptiou, or on a* 
determination of the electro-motive force of a concentration tell containing 
the ^alt in solution.- 

The former method, which has had considerable application, is based on 
the assumption tliat the particular solution, although saturated, is so dihito, 
that tlic salt may he considered as coniplotel^ split up into its ions. Now,' > 
according to Kftlilrausch’s Law, the equivalent conductivity (see p. 206) of^ 
salt increases with df!ution up to a point, and then remains .i^nstant. This’' 
limiting value (fi^) ismade*up of contributions by each ion, called Ihe ipnic 
conductivities^ the latter having the same value in wliatever com])ouijd8 tjje , 
ions occur, provided the conductivity consiijprcd is the limiting value. ^ 
Expressed in symbols, = u-\-v, for any binary electrolyte, where n and v are 
the ionic conductivities. Since wand v arc c.onstants derivabUi from any salts 
containing the ions separately, it is obviously possible to calculate for any 
salt containing ions for winch a and v are known, d'hus, for silver chloride, 
Agdl, the ioni(^ conductivity of the Ag ion is the same, whethta' derived from 
measurements with silver nitrate, AglsT')^, or silver chlorate, AgCllO,, ; and the ^ 
same is true for the Cl ion, whether obtained from hydi’ochloric acid itself or 
from any soluble chloride. By addition of the two values so obtained, the ’ 
limiting eipiivalent conductivity of silver chloride is derived. The calcidation 
of the solubility can now be made in the following way : Let C be the specific 
conductivity of a saturated solution of the substance in highly purified water 
and V (unknown) the volume of s(»lulion coiltainiiig 1 gram equivalent of the- 
salt. The equivalent conductivity x Y. 

But if the salt is fully ionised, tlie c*pnvalcut cofiduAivity measured ds 
tlic limiting value, /x^. ^ ’ 

lienee, -f = C Y, and since u and v arc known, and C is measured 

in the experiment, V can bo calculated. * * *• 

The following table contains values obtained by thi^ process at a tempera-, 
ture of 18V the solubility hieing expressed in terms (tf milligrams ’of salt* 
per litre o1' solution : — 


Substance. 

Solubility. 

Substinco, 

Solubility. 

Subslanee. 

• 

Solubility; 

• 

BaF., 

. i 

. 1 6.30 
• 117 

16 • 

1 6 

AgBr 

Agl 

B. 1 SO 4 

^IrSO, 

•• 

C)i07 

0 003^ 
2-3 

114 

• 

CaSO, 

FbSO, 1 

PbCiO^ ] 

CaC./),.Il,.0 1 

2040 

41 ' , 

0-2 ' 
6 '4 


See also Bottger, jjtysiknl. lOOlJ, 46 , 5'il ; 1906, 56 , 83 ; Weigol, ifmltfl, 

1907, 58,^293 ; Melcher, J. Amer, Ckcm. Soc., 1910, * 32 , 50. 


" ’ ^ For details of mothod'i .see, for oxginple,* Ost^ald and Liithef, Phydh> ditmistht] 
Memnigen, 3rd edition, Leipzig, 1910; Kyre, B.A. Reports, IQIO. • 

-V For an account of the latter inolhod, see Findlay, Rrnctical PhysicalVhei^istnj, p. 2181: 
'(Longmans, 1900). 4 

** Kohlrau^ch, Xeilsrh. physikal. CJtem,, 1904, 50 , 3.56. 



v to^ a 'general ecwsidefatfon -ot roinlls 

^q^i^^ftrenients, the aubjcct mi\y perhaps be best (fealt with, firstly, in 'relatadfi 
tX) the effect of temperature aiid'the nature of the solute; secondly, to the 
infiuence of the solvent ; and finally to the influence of pressure. '' - 

■ 1. The Ejf'ect of Temperature and Nature of the Eolute , — This is wel'b 
illustrated by the various types of solubility curves shown in figs. 49 and 60,' 
pbtaiTned with di fie rent substances in aqueous solution. 



' ; Several diderent types ojgst. « ' ,* 

• r. {a) The solubility increases uniformly with rise cf temperature — ra^rdly 
as with siWer nitrate, or slowly as wjth sodium chloride. 

•'^^Inbility decreases* uniformly, as ^^'Ith Cialcium chromate.^ 

» (c) The solubility increases to a maximum, and then diminishes, as witl 
‘gypsum, CaS0^.2Ho0.^ *' 


Y<^'*.-Myliii^ and voTji Wrochem, Ter., ,l900/»53. 

^-•^.Hnlett and Allen, J. A'hur. Chem. Toe., i902, 24 , 667; Van’t Hoff, Armstrong 
^mnehsen, Weipert. wid Just, Zeitsrh. physiHl Chem., 1908, 45 , 257; Boyer-Guillon 
1900, [iii.J, 2 ; Tilden and Shenst;.me, Phil 



,*iitnsviuuii!i-y aocreases to a minimum and then ris^il, as.e^tem^^ 
by calcium propionate^ and liy^anhydyoiis sodium sulptiate, tW 
minimum in the latter disc oecuiTiiig at about 120“ C." 

B. The curve exhibits sharp breaks Two possible causes, namely, a chai^fi 
polymorphic form or a change of hydration,^ will give rise to a sudden 
break in the curve. The former case is illustrated by ammonium nitrafe 
whi-jji is capable of existing in no fewer tlian four crystjiJline forms. Of tHefie 
bhe j8-rhombio passes into the a-rhombic variety at about .32’ C.^ At this 
temperature a break occurs in the solubility ^urve.'' 

The effect of change 8f degree of hydration in the case of those substan'p'e^ 
that can oombkie with water is shown in the solubility curve of sodium 
julpliato (fig. 51).<^ ^low 32 ’8“ C. the stable form of this fealt crystallises 
kvith ten molecules of water* but above this temperature the anhydrous saH 
s stable. This transition-point is sharply marked by a break in the curve. 
3o also the points of intersection in the solul^jlity curve of ferric chloritfe 
fig. 52) in water correspond with the appearances of new hydrated varietiBS' 



Temperature^. • 

Fig. 51.— Solubility of sodium sul|iliulf. 


■ until at the last poiitt of di.seontinuity there is transformation ii^o the 

anhydrous substance, • ^ 

From \th{#b has been said it will bt) evid(!nt that tlie detornunation of a 
transition-point (pp. 07 69) can be made by means of solubility measurements* 

■ The solubility of a substanctf in water is closely connecti^d with the lieat 
' evolved or absorbed when solution occurs. Many substances absorb heat OQ 

passing into solution, and in such casCvS the solubility increases *with tempera- 
ture. Salts capable of crystalhsing with water evolve heat when added hi 
' the anhydrous f^rm, and ’it is found that tlw) solui»ility of the anhydrous forrh, 
usuaiiy decreases with ris^ of tem})crature. . ' : 

VanT Iloff^ gives the- following rules, which, althongl^ applying in theory. 


^ Lumsdon, Trms. Ckem. ^oc., I90‘2, 8i, 350. 

2 Tilden and Sheu.stoue, hc.mcit. _ • 

* Le. tyi altiTation in the solid phase in equilibrium with the solution. 

* Seep. 66, also see Vol. II. 

® Miiller and Kaufm^nn, Zeilsch, phys-ikal Chem., 1903, 42, 497. 

’ For a careful study of the changes in ^'he stmibilhy of sodium sulpmite se^ de 
Unn. Chim. Phi/s., 1^)07, [viii.], 10, 457 ; H. Ilariley, b. M. Joiie.s, luid G.^. Hutchi'nsftn'i 






to tjfiS solution of ti siiuaLaiiOB lu » pmuiiuaiiy hoiuwuij, USUftlly .told j 

lor ordinary solution; if# a siibBtance on solution gives out heat, rise 0?" 
temperature will bring abo'ut a decrease m its solubility; if it absorbs heat; ■ 
rise of temperature causes an increasing amount to pass into solution^ 

2. The, Iitjl^uem'e of the Solvent. — Several regularities of a general char- 
acter have in recent years been brought to ligl}t connecting the extent of 
solubility with the ^lature of the solvent. Some of these hold botlf for 
Solutions of solids and of liquids. It has been pointed out, for example, that 
miscibility of two substances v'ill readily occur (i.^ if both liquids, such as 
carbon disulphide and benzene, have simple molecules, (ii.) if both are 
^sociated, e.f/. formamide, water and sulphuric acid ; l^.ut thS* solubility of a 
non-associated 15ubstance in one that is associate(j is, as .1. rult^, limited. Salts 
dissolve most freely in water, and it has been recently shown that in formamide 
this characteristic solvent power is reproduced very closely. Walden ^ also 



found«that with a ^erics of solvents the solubility of f salt was greater the 
^re strongly associiitod the. solvent.^ * ^ ^ 

Solubility is probably also connected with the dielectric constant or specific 
-inductive capacity of the solvent. From a study of the mutual solubility 
of two liquids^ Hothmund ^ suggested this relationship as existing, and, 
later, Walden ^ stated that when salts are dissolved by various liquids, the 
expression «/ Ijji is approximately constant, where € is the dielectric constant 
: of the solvent and /x the percentage molecular solubility.*' , 

^Turner and Bissett’’ ha(e shown, however, that the preceding 'relationship 

^ a discussion solubilitycfroin the point oR view of the Phase Rule, see Findlay, 
pr '*» Jiule and its Applications (Longmans ^4 1911 )> 3rd edition; see alSU 

TM 

'^‘‘Twal’d&i 'i’i**'*- Vh'Mal- t-'As*-. 1906, 55, 703. • • 

« V r akfiission if.tlio relation between solubility and association, 

^ Oa/. 1897 71. 9‘J9', Turner, Trans. Chem. Soc., 1911, 99 , 9p2. 

<'/«»>, 1898, 26 , 433. 

6 ^ahJen, Zeitsch. physikl, Ohem., 1908, 6i, 633. 

e T ngx 100 « the number nf molecules of solute present in the satura^d, 
% X 4-u 

7 'rm Chem. Soc., 1614, 105 , 647. 


B Crompk)n, Trans; 



SOl-UtllN S^jtos PROmTIto 6 f SpLtftjp^fer >w,7^ ' 

S bj' iiy mt!<ujH t!xacD even €ii me ciuse oi soiuies mat are eiectroi^TOSj 
:>jroilkft flown completely when tlie^Holntes are noi^f^lectrolytcs. 

3. The Influence of Presion'e,- - ^orhy ^ concluded that a rise of preaynte, 
noreascs the solubility of those substances which dissolve in a liquid with’ 
jontraction of volume, but that it decreases the solubility of si^t-h yubstancey 
as dissolve in water with an increase in volume. This is in harmony witli , 
the 'J^ieorcm of Le Chatelicr (seep. 178) and has roceiveff furtlnu’ confirmation 
from the experiments of E. von Stackelbcrj::,''^ the results of which are gi\,en“* 
in the following table : — • 


% 

THE EFSJtCT OF PRESSURE ON SOLUBILITY. 

• 


Salt. 

Change of 
Volume on 
Solution in 
WaUir. 

Crams of Salt in one Cram 
at 1S°C., at* 

• 

of Solution • 

1 Atmos. 
Ihe.ssnie, 

400 Atmos., 
I’re.ssure, 

500 Atmos, 
I’lvssure. 

• 

Sodium cliloride 

r' 

1 contraction 

0 264 


0-270 

Ainnioniuiii cliloride . • . 

1 expansion 

0-272 


0-258 

Alum .... 

1 coni ruction 

1 

0-115 

0-142 



It was first indicated by Ihauii'^ tliat if the change of volume on solution 
and the thermal effect arc known, the (piantitative (dlect of alteration in 
pressure on the solubility m:iy be readdy ealTadated (see p, 18^). 

Solutions of Gases in Solids. Adsorption and Occlusion.— 
^Gases have the pow’er both of diffusing tiirough, and 'of Being retained by, 
solid substances; and some of the phenomcijia (jl)scrvcd a^;e to ix* interpreted 
as due to t7ie formation of a true solution analogous to that obtained when 
a gas dissolves in a li(]uid. - •» ^ 

Hydrogen read ily^tli (fuses through metaL, notably iron, platiuuip, and 
palladium. Deville and Trooift appear to have been«Uie*first to observe this 
ill the ca.sc*of ^’cd-bot iron and platinum, and in lIlfiH ('aiHetcf?’'' drebv attention 
to the fact that hydrogen could ])ass thi'ough cold iron — an observation^that 
'was indopendently confirmed by Osborne Reynolds some six years later.® 
Winkelmarin found that the passage of hydrogen into an iron tube, forming 
the cathode in a ceil, appeared to be iiide|)OndeMt of the prcss^ire wiihin the . 
tube, and argued, therefore, that the hydrogen must difi’usc in tho form 
either of atoms Vr ’ s 

ftilladium not only ijlows the diffusion ot hydrogen, but absorbs and. 


Sorhy, Proc. Poy. Sor., 1«63, T2, r.38. 

' E. von Staokelberg, ZejUch. yhysikaL Chrm., 1896, 20 , 337, 

' Braun, ZeAtu'h. physilau. , 1887, i, 259. * 

* Devifle and Troost, Comyt. rend., 1863, 57 , 894. 

® Cailletet, Compt. mid., 1868, 66 , 847.* 

® Reynolds, jtaper read before the Mancli(#it,er Jjiteraiy and riii<osophi<;ai Societf 
24th February 1874. • . 

Winkolmann, Ann. Physik., 1905, [iv.], 17 , 589. Compare M'ltaiii, Rfiil. Mag,, 1909. 
in.], 18 , 916 ; Hagenjmker, Zetfsch. physiJutl. C/iem., il909, 68, 124 ; Slevcvts aUQ 
ILanginuir, J, Amer. Onem. koc., 1912, 34 , 1310 ; 1915, 37 , 417 ; Langmuir and Alackay, 
^^^.,'1914,3^ 1708. 

1^; / 



a larger amount of hydrogen. Troosfc an(3, HantefenillO ^ 
a compound Pd^,!! was fcrmed, hnt Wolf ^ suggests the formula PdHj.i Tl^ 
,'iiyxlrogen is said to be occlsided in the mefal, the term occlmion signifying 
existence of a solid solution, either of a gas in a solid or of one solid- in - 
another. 

■' J, Porous sul)stance.s, such as charcoal, have the power of absorbing gases.' 

' 'Certain features of ibis absorbent action resemble the solution of gaifes in 
' li‘q^ui(Js. Thus, with charcoal, the extent of absorption depends, like that of 
’ a gas in a liquid : — ^ ^ 

(1) On the nature of the gas, the most easily liquefied gases being 

absorbed to the greatest extent (see Vol. V.). * 

(2) On tluT* temperature, a fact well illustrated by*the following table of 

results found by Dewar : — ^ 



Volume absoibed by 1 c.c. 


of Charcoal at : 

Gas. 




0“ C. 

-18.5° C. 

• 


c.c. 

c.c. 

Hydrogen . . . . | 

4 

135 

Nitrogen . 

15 

1.55 

Oxygon .... 

18 1 

•ii30 

Argon . . . . 1 

12 

175 

Helium .... 

2 

15 

(’|rbon monoxide . • . ! 

. 21 

190 


Obviously*the amount al^sorbed decreases with rise of temperature. 

‘ ■' According to flomfray,^ Ceddes,-^ and Titofl',^ the absorption (fr a gas by 
chaj^cml is rogulffood by Henry’s Law, except, according to Titoft', foi 
'hydrogen between - 80“ and + 80’. Equations have been deduced, however, 
to rojflresent the abii’or{V:ion. Thus, for carbon,dioxide*in charcoal, Travers ‘ 
fotind the walu^ C/^P to be constant, where P is the pressure ‘and 0 the 
concentration of the gas within the charcoal ; whilst Hoitsema found the 
Absorption of hydrogen in palladium to be re^iresented by C/^p = const. 

^ Now, Nernst has shown, and expressed the fact in his Partition Law ® that 
'Henry’stLaw holds also for solutions other than that of a gas in a litpiid. As 
the absorption of a gas by a solid does not obey Henry’s Law, the questior 
ndturally arose whether tl^e absorption of a gas Hy charcoal was to be con- 
sidered as a case of true solution, or due to a #^urface ellect. Reoe^itly^ 


• • • 

* Troostand Ilautefouille, Ann. Chim. Phtjs., 187 T!i[v.],i( 2 , 279 ; Onnpt. rend., 1874, 7 ^, 

, W6« 

‘WoU,*^eUsch. ph7ysikal. Oh^in.% 19H, 87 , .'j76 ; seo^iSvorts, ibid., 1914, 88 , 108, 
Oogtrast Hoitsema, ibid., ISOf), 17 , 1 ; Holt, Edgir, and Firth, ibid., J913, 82 , *6 ; Hallaj 
.tfejSrf., 1914, 86 , 499; Andi-ew and Holt, Vroc. ttny, Hoc., 1913, A, 89 , 170 ; also tee Vol. IX. 

* Dewar, Comply rend,, 1904, 139 ^ 261 ,^ 

* Miss Homfray, Proc. Pay. Hoc., 1910, A, SlJ, 99. 

* Geddes, Aun Physik, 1909, [iv.], 29 , 797. 

* V^Xo^,^'Zcitsch. physikal. Cheni., 1910, 74 , 641. 

Travers, Proc, Roy. , l906. A, 78 , 9 . 

Nerust, Zeitsch. phijsikal, Chem., 1891, 8, 110, 





abfeJL prove tlfii^ ^e pr<)^8f !o<kJum«^ 
pb^ihe absorption of hydro^n by cliarcoal, is actually^ a combination of ' 
^^roobsses — namely, a surface conclfcjusatioii tarmcff (uiso?’}) turn which l^es \ ' 

:^lace rapidly, followed by a slow diflfusioii into the interior of the solid A \ 
• the formation of a true solid solution. In view of the fact that t^io absorption 
'of a gas by a solid is a combination of two processes, M‘B:iin haft proposed to ' 
empl^ the non-committal term sorption when referring the absorption as* r 
:'4 whme, to call the ditfusion of gas into the interior absorption, and to restrict 
iho word whorption to the first stage of sorption, namely, the surface. 
condensation.^ • ' ' 

Solutions O^Solids in Solids. -The term “ solid solution ’’ was applied^- - 
by Van’t Hoff to cor^^n substaneos which separate in the crystalline state.' 
from liquid solutions on coolirtg, the crystals not being the pure solvent bull , 
a homogeneous mixture of solvent and solute— in short, solid solutions. J-t'' 
striking example of this came to light in the investigation by Beckmann and 
Stock ^ of the molociilar weight of iodine in benzene solution. It was found. 
that iodine always separated with the benzene in the solid sbvte. Moreoverj ^ 
the ratio of the average concentration in tho liquid to that in the solid waa-^' < •; 
roughly constant ; that is to say, Henry’s Law held for the solid solution. •' 

is the mean value — before and after freezing —of the con^-entration of' 't' 
<iodiric in the li<iifld, and the concentration in tho crystals, each eoncentra* , f 
tion being expressed in terms of iodine per 100 grams of benzene, then, for 
three different strengths of solution, the following figures were found : — 



G,. 

cwci. 

3-39 

1-279 

0 377 

2 587 

0*925 , 

0*358 

0*9447 

6*317 

0-33G 


Apart from the cases arising from freewng-point moAsuriimcnts, however, ‘ ■ 
liiiscibility in the solid state has been known for a considerable time. Until. , ; 
recently, it*was belie\ed tliat only isomorphons substances possess tho > 
power of crystallising out together, and, in turn, isomorphism rccognikod <* 
by the power of iniitinfl overgrowth and of forming mixed crystals , '• ’ 

kolid solutions), as, for^xaniple^ in the case of the alums. • It is now known/ ^ / 
however, tlwt •overgrowths may occur with *suhstan6es •that* are not . 
isomorphons (see p. 7 2). , i 

^ Miscibility in the solid state varies with the nature of the substances and 'C 
the temperature. Retgers'* defines six types of mixed crysflds, according 
to tho degree of solubility, this being dependent, according t()*him, wn tho , 
degree of isomorphism or identity of crystalline form. The first type is that 
in which the two «ubstanc(?S can mix in all pi^portj^ns, as exemplified by’zinc L 
Bulpluit^, ZnSO^.Tlip and ^nagnesium sulphate, MgSOj.TH/), and is followed 

M'liain, Phil. Mag., 1909, [vi.],Jj 8 , 916; see also^ldrtli, Zcit%h. physikal. Cheitk,, 

J9f4, 86, 294. • • . 

• ® Cases of “sorption ” aiiaIog<jjis to tliose desenbed in the text arc ob-served whgn certMii-'; 

|oilX)U 8 solids, e.g., clmicoal, ai’o shaken up with sohiftons, a portion of the solute 
jt^ovbed” by tho solid In the case of charcoal and solutions of iodine in various orj^anio , 
b$di^ it had previously keen concluded by HaVls that the process is one ofr‘ ‘ adsorption^!* 
rotlowedby “ absorption,'’ just as in the “sorptio#” ofc gases tDavis, Tmns. Ckcm, Soo/f 
91 , 1666; see also Adsorptive Power ^f Colloids, p. 84) f contrast Schmidt-Waltcr,^^ 
‘^^id Zeitsc?!,., 19U, lA, 2A2. * •a ■ 

^/IfBeckniann and Stock ^^eitsch. physihil Chem., 1895, 17 , *23. 

|?<A:JRetgers, Zcitsch. phymkal. Chem., 1890, 5 , 461. > ’ 





by otKei* types in which the mirfcibiliiy diminisfeM. In ca^s feiihitjW 
sdubility, two series of solid solutions are formt^d, each a solution *of tfre on< 
in the other, corresponcfipg to conjngatie li(juid solutions. Thus, glucinud 
sulphate, ClSO^.Ilh.O, can take uj) glucinuin selcnato, (IlSoO^.IHgO, unti 
the composite crystals reach a (concentration at ordinary temperatures 
of 7'33(ilS(5ij.411,>0, (j11.So()^. 411^0, wiiilst the selcnate can take up sul 
ph'ate more extensively —until, in fact, a composition corresponding t( 
4GIS0^.4 H.O, GkSe0^.4H,0 is reached. * 

• Modern research on the constitution of all 03 ^s has also brought to lighi 
many pairs of mettds which ‘are cjipable of forndng solid solutions. Tims 
Ag and Aii,^ Co and Ni,“ Sb and Bi^ arc exsimph's of met^ils which can mij 
in all proportions in the solid state; whilst (hi and A1 sind Zn^, An and 
Ni ® are miscible only to a limited extent.^ « 

^ The formation of solid solutions, or the occlusion of the reagent or othei 
gait by the precipitate, has also been noticed when precipitation occurs 
Thus, when Fe( 11(4)3 pi^ecipitated in the presence of certain proportions 
of manganese salts, manganese hydroxide is co-preci pita ted and the twc 
hydroxides appear to bo in solid solution.^ Possibly these phenomena occur 
ring during precipitation may bo shown by later investigation, to be due parti) 
to adsorptioft, analogous to the adsorption of hydrogen, iodine, and othei 
substances by charcoal. • 

Although tlie power of forming solid solutions h*as until recently beer 
connected with the isomorphous relations between the solids mixed, othei 
Gxpranations have lately been advanced. Abegg^ belic'ves that the postiila 
tion of special crystallographic forces to ex[)lain the fofAation of double salts 
(a case of mixed crystal formation) is unnecessary and that the action oi 
. residual valei^cies can account fir the phenomena observed I’ammaim 
Oiiertler,^^ in discussing the formation of solid solutions of the elements, botl 
deny that isom^trjsliisin is the ^b^ciding factor. Tammann finds that th( 
capability (4f forming soljd solution depends more on the temperature »1 
crystallisation tlmn on the clfemi(;al analogies between the twoi/ substances 
whilst Uiie-iUer beliiA^es that the faetois governing the formation of solid 
solutions are similar to those deciding the miscibility' or otherwise of liquids 
Many pairs of clc^neikts are known to form extensive Series of mi.ved crystah 
^llthough 4:he different menlbcrs of a pair belong to different {?ry»stallographi( 
systems. 

* Supersaturated Solutions. — When, a solution of a solid in a liquid, 
.already saturated at a given temperature, is heated up with more of the solid 
until ^11 th% solid pusses into solution, on cooling to the original temjierature 
the excess of the substance in solution is not always deposited, crystallisatior 
or precipitation being suspended. The solution •obviously holds a greatei 

* Roi^erts-Aiistfi^aiirl Koso. Troc. Hoy. Soc.^ IHO^, 71 , (61. 

* Oii^rtlcr aiidTainniami, Zefinrh niiory. 42 , 353, 

® Gautier, Bull. Soc. d'Enr p. Hind, nathnalp., r896. * 

* Gautier, Contribution u Vttndr des allintjes, Pans, ifiov 

** Shepherd, J. rinj.wal Ch-cm., 1905, 9 , 501. 

® Levin, Zeitsch. anorg. Chem., 1905, 45 , 238. 

’ See, for tifull discn.ssion of these, E. F.^Law, Alloys (GiilfiR & Co., 1909). 

^ Sto* Kortef Trans. Cheni, /SI >c., ^90.5, ^8, 1503; Greighton, Zeitsch. anorg. Chemi 
)09, 63 , 53 ; Jolinstoii an*d Adams, J. Avier. (them. Soc., 1911, 23 , 829. 

^ Abt.yg, ^eUsefi. anorg. Chon., 1904, 39 , 330. 

Tainmaim, Zdfsch, Kloi.troi'hem,, 1908, 14 , 789. 

Guertlor, Zeitsch physikal. (Hhem., 1910, 68, 177. 



jwJiUTWN, AND SOME fRO^UltTIES DF SdLtrTiONft lil 

qvimii/ivjf u[ ■•iDsraiice ti«ii corrcsponda t6 the ordinary solubility ritid. is s#ii 
^hQ iwpermtiirafed. Siidi •ohitions can readily be prepared by Seating U 
sodium thiosulphate, sodium acetate, or sodium siflphatc with water, 
allowing to cool without agitation. * * : 

Supersaturated soliitioris, liowever, are always liable to crystalHg 
spontaneously, particularly on exposure to air. LovvclM was a^lparently-th 
first to show, hl!l\cvcr, in the case of sodium sulphate, that crystallisatioi 
was not induced by contact with air that laid been previously passed throtl^l 
vvateV, sulphuric acid, caustic, alkalies, glivss‘\vool, or even through a series 'p 
empty flasks, Fifteen ye^vs later Violette and (lerno// independently threv 
i considerabl<^ light upon the subject by showing tliat the spontaneous crystal 
iisation of Rupersatura^icd solutions of sodium suI])hato in contact with air ii 
lue to the presence o? minntti crystals of the salt in suspension in tlie ,^tter 
ivhich serve as nuclei stimulating cry.stallisation. Hence by washing or filter 
mg the air Lowell had removed these snspenOed nuclei, and in conseftuenci 
retarded crystallisation. Lccoq de Boishaudran^ showed, in tlie following 
year, that not only could minute crystals of the same substance serve a; 
nuclei, but that crystals of isomorphous bodies yield precfeely the 6am^ 
result ; and it^s now know'll tliat this pro])crty is shared by many substancog 
that are not strictly isomorphous with the dissolved salt, provifVd their mole- 
cular volumes file closidy similar.'’' Hstwald showed that nuclei wi'ighing only 
to 10 gram were usually quite snflicieiit to induce crystallisatiop of 
supersaturated solutions. F urtliermore, it a]>pears from numermis researches 
that mere mechanical friction is suflicient to induce crystallisation, such erygita^ 
Iisation taking j)lac.,'^n the completi' absence of crystalliiu' nuclei. 

Suporsaturalod solutions of liijuids in liquids liave only been realised ii 
a few cases, hut su[)ersaturatP(i solution.^ of gases in liipiids are no 
uncommon. The addition of any powdered substance to su^h a soliftion 
however, will break down the snpersaturation since the gases in the porei 
of the powder act as nuclei. Supersatiiration of (his kimj differs fron 
that considered above, iriasniueh as the nn/flei imnicdiataV esenpe from tin 
liijiiid, w'herchy their influence is severely limited. ^ 

It will be clear thu#a supersaturated solution of a solid in a liquid cahnol 
persist in the presendft of the ^olid })liase. 

TiIK \"AI’OUr> PR15SSUIIK OK .SOLUTIONS, 

The Vapour Pressure of Liquid Mixtures Oinstant Tem- 
perature. — As a general rule it may ho said that wiien one h(|uid dissolves 
dll a second, the [ircssnre exerti'd by the mixti of vapours i^ less *than the 


**L?)wel, Aim Chim. 18f»0, fiii,], 29, 62. 

2 Violottc, ihrmpt, rend.^ 1865, 60, 831. 

Curnez, Comyt. rend., 1865, 6o»883 Soo also ih^., 1865, 6o,<<027 , 1866, 63, 843, . 

• * Traces of sodium salts ar? always present in our island atnios[ihere, and these yi^ild 
sodium sulphite and sulphate by union with the oxides of .suli>hur prodiicoir during 
combustion of coal, etc. » » ^ ^ ' 

^ lloi.sbaudraii, Ann. (Jhivi Phys., 1868, [iv.], 9, 173; see also J. M. Thomson, Zeitsrh, 
'Kryst. Mm., 1881, 6, 94 ; Ostwald, LcJirbijfh, vol. 11., part 2, p. 780 
® See Ibomorphism,*pj). 70-74, ^ « 

’ A. H. iMiers and his pupils, IVa/ix. f5fe«w.^W.,«1906, 80, 413 10l5 ; Pro^^Poy. Soi., 
1907, A, 79. 322; H. M. Junes, 7*ian8. Chem. Soc., 1909, 95 , 1672; Young, J. 

Chem. Sor*, 1911, 33, 148 ; Young and (’ross, ihid., 191], 33, 1375. ^ 

® H. S. Davi.s, J. Am^r. Chan. Soc ,1916, 38, 1166, • 





^ai f?t coe inaepenaent vapour pressures: Tbis fj true wbbthci ^lie'lJquWi 
miscible or aro capable of beiu); miW in all proportions.’’, 
the other hand, 'if two liquids aji-o insoiublo one in the othei-j eacl 
exert? its own vapour tension independently of the other, and the total vapoui 
it)re^ii*e is tfie sum of the prossui’es exerted separately by the two vapours. 

Dealing Vfith li<piids whicli can mix in all proportions, it has been founc 
that the curve rep ri^.sen ting the relation of the vapour tension of the solutior 
at Constant temperature to the ^molecular concentration, follows one of the 
three , general typos shown in tig. .i/tb- The simplest is type L, lying cvenH 
hetAVeeu the values for the separate constituents, ahd in the limit is a perfectly 
straight , lino, so that the vapour pressure could be calcula|.»^d if the composi- 
tiion were known.^ The more closely alike in chemical- and physical behaviour 
the tiro .liquids aro, the more closely does thc< vapour tension curve of their 
pfii^ctufOs conform to type I. ^riiiis, ethyl chloride and ethyl bromide give a 
curve which is practically straight ; methyl 
alcohol and water give a curve with slight 
convexity upwards— the curvature is more 
pronounced with ethyl alcohol and water; 
whilst propyl and the highev alcohols with 
water yield a curve with pronounced maxi- 
mum values, corresponding to type II. 
There is thus a gradual passage from type 
I. to type II. as the dilFerence in properties 
bi'tween the two liquids becomes greater. 
Liquid oxygen and nitiogen give a vapour 
tension curve which is nearly straight and 
that for oxygen and argon conforms also to 
100 % typo L'* Type III. has a minimum value, 
Pig. 51. 4 - (V,i the other hand, and represents flie fact 

, ^ ^ that the vapour tension of the mixture may ‘ 

le 1^8 than that cither constituent; ey. formic acid and water.' 

Distill.aypn of Liquid Mixtures at Constant Pressure.— A 
Wution boils when its total vapour pressure equals the external pressure, 
he (imposition of tli vapour which passes .pver depends on the character 
r.the liquids mixed. Thus, with Inpiids giving the curve of t^qje II., the 
apour pressure of any mixture is always greater than that of the component 
, what is required to form the mixture of maximum vapour pressure, 

therefore, whell such a solution is distilled, there is no separation into the 
two couiponents; the liquid which comes over first as distillate is a miidure 
- of the two components; and the residue continually approximates in com- 
‘ position to the component jn excess. Thus, the boiliiig points of water and 
oLpropyl alcohol respectively are 100" and 97-2" at 760 mm., but miitures 
may distil at temperatures below 97-2". For instance, the mixture contain- 
ing 7L‘7 per cent, hy weight of propyl alcohoiL'^Jorresponds with the maximupi 
:^itit on ihe vapour-pressure curve for 877", and at that temperature its 
'fapour pressure is 760 mm. Bfmcc the mixture distils as a whole at 877^' 
without change of temperature or composition. Any two substance.s giving 

^ See Regnault, CompL rend. *1^54, 345, 397. 

* K'cwiovrtlow, JVied. jtnnalcn, ISSi, 14 , 34 . 

* See Zawidski, Zeitsch. phy&ikal. (Jhem., 1900, tS, 129. 

* Inglis, Phil. Mag., 1900, [vd.j, ii, 640. ^ 
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curve of* II., similirly give what is known as a constant boiling, 
knixture or mixture of miniimim boiling-point. ^ Such mixtures were 
once thoiiglit to be compounds; Init with alteration of the pressure thc^ 
compositions of the distillate and residue were found to vary, thereby 
characterising the liquids as mere solutions. • 

“ Liquid mixtures giving a vapour-pressure curve of type III. (fi.stil in such 
a way that the distillate iii’st coming over is mainly the c(tmpoiieiit in excess* 
The residue, therefore, continually approxiniat^-s in comj)osition to the mixture 
of lowest vapour pressure^ and eventualf^ there distils a second type of 
constant boiling mixture- namely, a mixture of maximum boiiing-point. 

Only with liqiF<ls giving a curve of the first type is a sepaiation into the ' 
two components theoriucally possible. The distillate always contains more 
of the higher vapour pressure tompouent and obviously the residue mote of 
the low'er. * • 

Moissan and OTarrelley^ ha^e showm that the binary alloys containing 
two of the metals Cii, Zn, Cd, Pb, and Hn, follow one or other of the three types 
of curves. Thus, Sn-Pb follow typo 1. ; Cu- Id), type If. ; aiic^Cu 8n, type ' 
III. The last-named alloy upon distillation yields a constant boiling mixture 
c^^taining GO p(ft' cent. Sn.“ 

Fractional pistillation. — Kven when the liquids have a vai?our-prc8snre 
curve of type 1., perfect separation is in practice impossible. Jf the distillate 
first obtained bo ^distilled or separated again into distillate and residue, the 
second distillate will be richer tlian the first in the more volatile component; 
and further treatment of the first residue in similar manner will leave a 
residue of the seconcT component in a still purer state. By continuous 
repetition of these processes, separation may he made almost complete. Or, 
instead, the distillate may be collected in a nitmher of separat% receivers, in 
which case the first runnings will lie viuy rich in one, and the residue rich iu 
the second component. Sucfi a process ii# known as ffacfi^nal 
ti the mixed vapours bo passed up a column, o;;, tli rough a stiH-helTd consisting 
of a series d! bulbs, and tliereby cooled, tlic higher boiling com])onent is con- 
densed more than the otl^er, so that the vapour passinj^ out of -iAe hea(b*of 
the column consists im^rily of the lower boiling liquid.'^ 

In inorganic chemistry fractfonal distillation is employed to separate th® 
various eon.st*itut‘nts of tlie atmosphere from liquid* air. R is tflso used as a 
method of purification. (See Chap. VIJ.) 

The Vapour Tension of Dilute Solutions.— The prec^sding sections 
have been concerned with the vapour tensions of solutions of any stnmgth, and 
it has been seen that wlienever solution occurs the pressure cif the*mixed 
.vapours is always less than the sum of the separate pressures. Wdien the 
solute is non-volafile the vflpour tension of tjhe sobition is always loss than 
that #f the pure solvent, j^ho earliest investigations of the vapour tensions 
of solutions dealt with non-volatile solutes. Thus, von Babo*^ in 1848 
•• • 


' ^ Moissan and 0’Farrc}ley,d?i>*ry)<. romf., 1904, I 38 ,^ 6 .' 9 . , 

® See also Groves and T. Turner, Trans. Ohem. Soc., 1912, lor, 686. 

• The method by which the sepal ation of ^wo liquids from a mixture is effected bears a 
"considerable resemblance fo the method, explained in Vol. IV., by which .sojji.sarc s^arated^ 
% fractional crystallisation. • ^ 

- * For a discussion of methods and apparatus for tlio separation of liquids bwdistillation, 

Voiing, Fractional Distillation (Maemilhin & Co., 190:t). 

See this vol., Part Il/j V^ols. VI. and VJi. for nilrogen%nd oxygen. 

-Ivon Babo, |ee Ostwajd, LehrhucJi, i. 706. 
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discovered that the ratio pjp, uliere^/ and p are^iho vapour tensions oi an 
aqueous solution and of water respectively, is independent of the temperature, 
and Wullner^ found that the lowering of vapour tension produced by a 
non-volatile solute was proportional to the concentration. These regularities 
were furthlu* tested by various workers, but most thoroughly by Raoult,^ 
who used aTanety of solvents in addition to water, and many types of solute. 
He found von Bahd's Jiaw to be true, and, for solutions wliich were nbt strong,' 
Wullner’s Law also. Much nuu’^) striking than these regularities was Kaoult’s 
Miscovery that the molecular lowering of vapour ^tv-nsion of any one solvent is 
the same for dilTcrcnt substances. The laws rcgaiding the vapour tension of 
' dilute solutions may tiu'rel'ore be statfsd as follows - ’ 

1. The I’atio of llui vapour tension of the solution* to that of the solvent 
is independent of tempeiature (von Babo’s Law). 

“ 2. The lowering of vapoiK* tension (for a non-volatile solute) is proportional 

to the concentration at constant temperature (Wiillner’s Law^). 

3. Equiinolecular quantities of diirercnt substances dissolved in a fixed 
' quantity of the same solvent produce equal depressions of the vapour tension 
(Ibioult’s liUw) provided the temperature remains constant. 

The molecular depression of vapour tension is a constant, C, defined by 
the equation 

p 7n 

where M is the molecular weight of the solute, m ,< hc amount of it per 
100 grams of solvent, and p and p the vapour tensions of the solvent and 
solution respectively. ^ 

Raoult found that the relative depression is equal to the ratio of 

the number pf moleciiles of solute\«) to the total number of molecules prescuit 
in solution, i.e., ' i 

p N -f- n 

<r , ^ ^ ' 

Vvhere N is tjic number qf molecules of tli'e solvent. For dilute solutions, 
this reduces to 

f ♦ 

2 ^ - j) n 

P ■ "" N 

with suiliciCiit accuracy. Owing to ionisation (sec p. 211), acids, bases, and 
salts give abnormal values for the molecular depression jind do not follow 
Wiillner’s Law\ ‘ 


c Thu Fj^UEZJN(i- P oints or Solutions. 


« • More than one hundred and twenty years ago, Blagden ^ discovered that 

-P, ^'be freezing-point of a solutfen of a salt in watdt lies below^ that of pure 
^ ^ er itself, the extent of the doprcssjpn being proportional to the concentra- 



^ Y^, Fogy. Jmidhn, 1866, 103, 629 ; 1868, 105, 85 ; 1860, IIO, 664. 

1 \V«1^ 8 1886, 103, 1126 ; 1887, 104, 976and 1430 ; 1888, 107, 442 ; Ann, 

2 •Rrt.oiilt.XT 88, [vi. ], 15,676 ; 1890, [vi#J^20, 297 ; Zeilsch. 2^^sikal, Chan.^ 1888,3) 853.- 

3 Blag'i^"’ 
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{ion of the*sart; present, tiatcr workers^ have studied this phenomenon in 
greater detail. ^ 

Raoiilt’s experiments on freczing-{^)ints were not*confiiied to solutions of 
salts in water, hut included investigations of otlier classes of substances 
dissolved in a variety of solvents. From his results the general* conclusion 
may be drawn that within certain limits, to be considered below, the addition 
of any substance to a solvent brings about a lowering of*the freezing-point 
of that solvent, the extent of the depression ^increasing with the amount of 
substance added. This sUi^emont, it ma;^be noted, is only true so long as* 
the substance which separates out on freezing is the pure solvent. 

These facts nufj* bo ^udied by returning in the first place to a considera- 
tion of what occurs when a dilute solution of a salt — sodium chloride, for 
example — is cooled from 0" downwards. Fi-eezing lirst occurs at a temperature 
below 0°, depending on the amount of salt added, mid the solid which separates ' 
is pure ice. Hence, by this process, the salt solution left is more concentrated 
than the original one, and will have a still lower freezing point. By continued 
cooling, then, the water continuously separates as ice, and t^e remaining 
solution becomes more and more concentratetl until saturation is reached. 
Obviously, at ti/<s point, sejiaration of ice must also bo accompanied by a 
deposition of saltf and solvent and solute separate out side by side. Moreover, 
since the concentration of tbo solution is maintained at a constant value, the 
freezing-point mwi<t also remain constant during the separation of ice and 
salt together, (luthrie,^ who investigated the continued action of cooling -on 
a solution of sodium chloride, believed tiiattho ice and salt separated together 
as a conipoinul, to which he gave tlio name cryoh ;/drafe^ since complete solidifi- 
cation occurred always at - 22* and the amount of salt present was 2.‘1'6 per cent. 
The sopar.'ition of the components at constant temperature and inronstant pro- - 
portion, not as a compound but as a mixture, is to be ox 2 )ected, however, from 
what has been said above, and the phenoffienon is in%ecotdance with the 
requirement^ of the Phase Rule (see p. 174).* Apart from Join’s,* the ico can 
be removed by washing with alcohol, tho physical properties, such as s^ieeitic 
volume, are those of a nyxtnro, and, finally, microseopio examin.v^Wli reveals 
the sejiarate existence jt-f the two components. ^ ^ . 

The cryohydric temperature, * 01 ’ tenqx'ratiirc at whic^ complete solidifica* 
tion occurs, is ofivionsly the lowest temporatiire to which a’sclufion hf sodium 
chloride can ho cooled. All saltS dissolved in water behave similarly, the 
actual cryohydric point depending on tho nature of the salt •The following 
substances may ho quoted by way of illustration 



Cryoliydiic MoIoouIch of WaU^r jau 
Point, • Wolocule of Salt. | 

-g2 “C. 10-6 

- r2 • IH'5 

- 12-4 



^ Kiuloif, Vogii Anjidlen, 1S61, lid, 68 ; 186J, Ii6, 55 ; 1871, 145, 59^“ Coppot, Ann . , 
Chim, Phys.y 1871, [iv,], 23, 366 ; 1871, 25, 5<f2 ; Aid 26, 98. Jiaoult, ihid., 1883, [v.j, 28, 
188 ; 1884, [vi.], 2, 66, 115 ; 1886, fvi.J, 8, 289, 317. • * 

** Guthrie, Phil, Mag., 1875, [iv.], 49, 1 ; 1884, [v.], 17, 462. 

'* Offer, Silzwigsber. K.’Akad. Wins. irw7»|*1880, 81, li. 1^58. 

* liancroft, pie Phase Euk, Now York, 1897. 
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Instead of starting with a dilute solution of s^lt and cond^htrating^ it hf 
removal of ice, we ma^y proceed by coritinuofisly adding the salt in' small 
quantities at a time, and making a determination of the freezing-point after" 
each addition. In this way a freezing-point curve may be traced (fig. 54y 
plotting temperature of freezing against concentration. Starting from 0 , 
the lower litoit of the curve will be reached when the solution is saturated ' 
and the oryohydeic point is reached. This point must also Ik) on the 
solubility curve of the salt in vjater, so that the cryohydric point is the point 
‘'of intersection of the freezing-poii^o curve and the^solubility curve. 

The solubility curve may be regarded as a second freezing-point curve, 
for just as the original freezing-point curve represents the 'series of equilibria 
at different temperatures, between ice and the salt scvlution, so the solubility 
curve deals with the equilibria between the solid salt and the solution. On 



Fro. 64.— Freeziii^-j>oiiiL Qurve 
of sodiunyililorido in v ater. 



Concentrstion 

Fid. 55." Freezing-point ciii VOS Sn-Iii. 


^oohiig, ice separates out along AT., and salt along CB. The curve CB may 
be likened, ti.erefovc, to the freezing-point curve of water disjolved in salt. 

The two freezing point curves can be realised if solutions containing com- 
ponents other than salt and water are studied. Many metallic alloys behave 
exactly like a salt solution when the liquid alloy is cooled. Fig. 55 represents 
the froezinggpoint diagram for tin and bismuth. If bismuth is continuously 
dissolved in molten tin, the freezing-point of the latter falls gradually until 
saturation is reached, an^ then deposition of the two mCUls at a constant 
temperature and in constant proportion occurs. This point cannot be termed 
the cryohydric point, since water is not involved ; the general term eutectic 
is employed, tho^alloy which solidifies held having the eutectic composition. 
For bisihuth and tin this eutectic composition is 45 per cent, Sn and 65 per 
cent. Bi, the eutectic temperature being 143".'^ >.By starting with bismuth 
and adding tin, a second freezing-point curve is obtained ending in the euteotid 
point as before. Along AB, crystal# of tin separate .when the solution is 
cooled; along CB, crystals of bitmuith. t 


Gaufier, Bull. Soc. d'Enc Ind. Nationaip, 1896. See also Gfflliver, Alloys (GnfBn & 0(Xj 
2nd edition, 1913), where the properties ana constitutions of alloys are fully discussed. 
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'■ Fig. 66rf‘e*{)!*eseiits the (iiagram for lead and silver mixtures. The* eutectic ’ 
temperature is 303", and the ^itcctic alloy contains 4 per cent. Ag.’ ■ ' ’ 

It is obviously impossible to concewtrate a solutiou of silver in lead beyond 
the 4 per cent, strength by removing lead as in Pattinson’s process.^ 

The foregoing type of freezing-point curve is obtiiincd only when the 
two components do not enter into chemical union and when tliey ifre incapable 
of forming solid solutions.^ • 

When compounds are formed, for every C( 4 mpound produced, an additional 
branch is obtained cofttappng a maximllm point, if the compound has rf 
definite melting-point under the prevailing pressure. Thus, with lead and 
magnesium^ (fig. ^7), magnesium separates out between A and P as cooling • 
occurs; but at B tlio .^itectic alloy deposited is found to consist, not of 



Mg and Pb, but of Mg and crystals of a new substance, #: rno eutectic 
alloy be romelted and more lead added, the freezing-point rises and the crystals 
^separatnig on freezing are of neither Pb nor Mg, but the new suiistance. At 
the maximum point C, the compositions of the lii^uid and the crystals 
separating are tfie same,* so that at this •point •also, solidification occurs 
as a Whole and at constanit tempei-ature. Since w-e arc dealing at C with, 
only one crystalline form, the noint C must represent tl^ melting-point of ’ 
the'compound produced (PhMg.^V Further addition of lead lowers tjiis melt- 
ing-point, crystals of the compound continuing to separate as we pass from* 
C to -D, until a second eutedtio is reached, coifsisting of the new compound 

' Heycock and Nevilte, Phil. Trans. , 189f, A, 189, 883. 

* Cf. the Pattinaon prooess for desi^veriBin^le^, Vtjs, II. and V, 

* Two comj)onents which form .solid solutions to a limited ex’lent only also ^ve.a double 

branched freezing-point curve, but in this case the crystals separating out are not the 
prfre fiolvent. • jf. 

* Grube, Zdtsch. anorg. Che'ni,, 1906, 44, ny. 
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■ and leai The curve Kl) is obtained cither by revolting this lecond eutectic 
ajid continuing the addition of lead, or by starting out with lead and add^ 
ing magnesium. The crystals separating along El) are those of lead. 



Whenever compounds can be frozen out from solution (and the pheno- 
mena are not complicated Ijy the formation of solid solutions between 
the coinpoiufd and one or other of the single (wnponents), an extra branch 
of the freezing-point curve and an extra eutectic point a])pear in the diagram 
for each co^npoiind ^lormed. Tile maximum point on each added branch 



m%HNp3 


Fig. ,58.— Freeziug-point curve, UNUg-water. 


gives tlip melting-point and the composition off the compound, inus wiiu 
•nitric acid and water ^ two compounds are formed, namely, HN()3.3fT^O and 
HNOg.R.^O (see fig. 58). Agarn, with ferric chlorlde'and water, four hydrates, 
Fe 2 Cl,.. 12 H 20 , Fe2Cl,j.7H./), EegClg.SH^.O, and Fe.>C1^.4Tl20, are known, and 
^each ];^psses8^ a definite molting-jioint. These points^are indicated by the 
maximum points in the curvb (see pV 106). 

A study of tlie freezing-point curve is one of the most frequently used 

’ Knster and Kreinanu, Z&Usch, anorg. Chem., 1904, 41 , 1 . 
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means of f^sTflig whether ^or not two substances, when mixecl togetlfcr in the 
liquid state, unite chenucally* 

Ihe third class of freezing-point curve represents^ the behaviour of liquid 
mixtures of substances wliicli are soluble in one another both in the Ihpiid 
md in the solid state, so that wlieti freezing occurs, the ciTstiJs deposited 
contain ix'th constituents, and arc thus mixed crystals or solid i^^lutioiis. If 
the two iiibstances are soluble in one another in the solid state in all pro- 
portions, the freezing-point curve takes one of the three forms drawn in 
"ig. 59. Most pairs of inorganic substaUNees* follow type I., Bi-Hl),^ I't -Au,2 
4g-Au,3 and Co-Ni^ pro'^ding examjdcs. 

Mixtures of n»grcuric bromide and mercuric iodide have a freezing-point 
JurvG of typo TII.,^ wj/il^h exhibits a minimum [Kiint, Rut little is known of 



^ Fio. 5'). 

examples of type Il,,*although»mixtures of manganesc*and its carbide, l^lnj^, 
appear to fbllcfw this type. It will be noticed that the J.hree^tyjit‘s of curve 
• correspond with those which represent the vapour tensions of liquid mixtures. 
In order to understand thoroughly the behaviour of mixtures of iso- 
morphous substances, or those which form solid solutions, the melting-point 
curve!? of the solid substances separating must also bo representod^for the 
composition of the solid phase depends on that of tke liipiid from which it 
separates (see pM09). "Fhese melting-point curves are shown as broken lines 
in tiie figure. They coiqpidc with the freezing-point curves at the maximum 
and minimum points. 

• If the solubility of the twd •substances in <the solid fJtate is limited, the" 
freezing-point curve is noC a continuous line, and the break is fhore pro-.- 
nounced the more limited the series of mhted crystids. Figs. fiO and cl 
indicate the two typos obtainable. There is an appreciable break in the 

* Gautier, Bull. Soc. Bnc. T^i. NaUo7ia^e, 1896, « 

^ Erhard and Schertel, Jah^buch J/erg- nnd HuUen-nKisr,n., Sachsen, p. 17. 

* Robeits-Austcn and Koso, Froc. Roy. Soc., 1903, 71 , 161. • “ * 

* Guertlerand 'Bammann, Zeitsch. anorg. (Jfiem., 1901, 42 , 363, 

® Reinders, Zeitsch. physikal. Chey^, 1900, 32 , 191. 

Riif, 1912, 45, 3189, 



:^QDKRN INOltGAKtC CHEMISTRY/ 

Hg“C'a eurve/ but it is only slight compared witlvitbat in the' ^’IJ^Og-KNO/ 
ciirve.2 In type B, lowering of freezing-point bccurs with the separation of 
mixed crystals coiitainfug only a small percentage of the solute, until the 
solvent becomes saturated and a eutectic is produced. No eutectic is formed 
with a mixture belonging to type A, but a transition-point is observed. To 
each freezing-point curve there is a separate melting-point curve. The hori- 
zontal lino in the diagram merely indicates the temperature at wh'ch there 
are in equilibrium the liquid solution and the two sets of mixed crystals* 



A further example of typo A is provided by AgNOg-NaNOg.® Another 
example of type B which may be quoted is Au-Ni.^ , 

In a'ddition to the three classes of freezing-point curves already given, cases 
occur ill which compoifnds produced may form solid solutioiis with either or 
both of the compounds. The rcswlting curves can readily be deduced by con- 
structing the full diagram from the separate cArves for the two bmary 
mixtures, the compound and constituent A, thp compound and constituent B.® 

0 ^ Bijl, ZeUsel ithysihal, Chem., 1902. 41 , 641. 

* Van Eyk, Zeitsch, phiisikal, Chhn,, 1899, 30 , 430. *’ 

• Hissink, Zeitsch. physikal. Chem., 1900, 32 , 542. 

^ Levin, Zeitsch. anorg. Chem., 1905, 45 , 22C>. 1 

^ ® Fona more fe^mplete account of freezing- p^jint diapams, see Findlay, The Phase Rule, 
3rd edition (Longmans & Co.,( 1911) ;‘^lloerens, ‘Introduction to Metallography, translated by 
Ibbotson ILoiginans $i Co., 1908); Desch, Metallography h Co., 1910); Desch, 

InJUrmetalU''^ Compounds (Longmans & Co., 1914); Gulliver, Alloys (Griffin & to., 2na 
edition, 1918). c ^ 
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> n by fractional crystallisation or Liqflation. - 

Crystaliisatioi) as a means erf separating two substances in a state of puritj 
from a mixture is comparatively siiyplo when each ^‘ompoiicnt, acting as thf 
solvent, freezes out in the pure state ; but when the substances forjn mixed 
crystal, separation can only be effected by a lengthy repetition pf the procesa 
as with fractional distillatihn, and there are certain cases in whiob no separation 
o process necessary will be understood by reference 

to hg. b2, which shows a portion of tlie freezing- and melting-point curves oi 
mercuric bromide and iodide. Since th^irrves are temperature-concentration 
curves, it is obvious thatwie solid separating contains more of the bromide thap 
the remaining bmud. At tlie temperatures and /g, the concentrationi 
of mercuric iodide iii^rtie crystals are represented by A, C, and E respectively : 
in the liquid, by B, D, and E. As the temperature falls from L to both 
liquid and the deposited solid vary in composition. If, on the other hank 
the solid separating at 1^3 be isolated and heated, the temperature must be 
continuously raised before complete melt- 
ing is obtained. Starting with crystals 
of composition E, and applying heat, 
there will bo present at temperature a 
liquid of comjiosition 1) and uimielted 
solid of composition C. If this still uu- 
meltcd portion be isolated and boated to 
ij, the solid n^ remaining is still richer 
in mercuric bromide. By a motbodioal 
repetition of these processes many times, 
on each fraction obtained, uniting por- 
tions that are similar in composition, it 
is possible to obtain finally a specimen 

of crystals which contains practically ^Concentration 

iodide. A mixture of mercuric bromide Fig. 62, — Fractioiiiil cfystallisution of 
and iodidife can thus be separated into * isoinorpl*us mixturea. 
two portions, either bromide and the • , ' - 

mixture of bromide anrt iodide of minimum freezing point ; or ioeftde, and the 
minimum freezing-|1bint mii^urc, according as oiie*stiwts with a mixture 
rich iu bromide or iodide respectively. Only .with a jcurvi of Jbype I. (e-y. 
Bi-Sb) can a separation into .tlie two constituents bo made. Thus, the 
process is strictly analogous to the distillation of liquid mixtures, If the 
composition of the mixture be that of the maximum or Minimum point, 
whem the freezing- and melting-jioint curves coincide, no separali^ji can be 
made (unless the pressure he varied), the mixture b^^haviiig* as a chemical' 
compound of ilefinite melting-point. 

^The Freezing-Points of pilute Sblutions. — As indicated on p. 114 , 

Blagden and subsequent workers found that the lowering of the freozihgp- 
j^oint of a solution was pro<pi;>rtional to th% conceutr.ftion of the solutes 
Baoult made a thorough fest of this relationship,^ using a variety rfif solvents’ 
and including many o^^v>ic solutes, as weljuxs, in aqueous solution, the salts 
which previous investigators had studied. Blagden’s Law, that tfie lowering 
of freezing-point ii| proportional to|tho concentration, was found to be true,, 
provided the solutions used w^rc dilute « anc^ it was furtherisliown by Raouft 


’ Raoult, Commit, rtmd., 1882, 94, 1517: 95, 187 and 1030 ; Ann. ChiviPPkys., 1883: 
ly.], 28, 138; 1884, [vi.], 2, 66. ^ ^ . 
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that when the same solvent is used, equiinolecular qut^ titles of diflfefeyt solutes 
produce equal lowerings of freezing-point. If tlie«gram-iuolecular weight, M, 
of the solute is dissolved* hi a fixed quaptitj of a solvent — for example, in 
100 grams, —then the depression of freezing-point C° (termed the molecular 
depresuon) is, constant whatever the solute. The actual value is obtained 
by the use ofjllagden’s Law. For, if m grams of sohite dissolved in 100 
grams of the solvent I'jwer the freezing-point A°, 

(J ^ M ; 7a, 
m 

Conversely, having once fixed the value of 0, wie previously unKnown 
n^lecular weight of a solute gan be found. 

It is now usual in defining C to make the fixed amount of solvent either 
1 gram or 1000 grams, when C is either one liundred times greater or ten 
times smaller than in the above case. 

Electrolytes ‘depart from the laws of dilute solution enunciated in this 
section, just as they do in the case of the vapour-tension laws. 

O.sMOTio Pressure. 

When a substance passes into solution, it becomes iinifoniily distributed 
throughout the solvent, and in various ways its behaviour in this condition 
resembles that of a gas. * 

That a close analogy exists between the ga.seous and the dissolved states 
is evident from /I consideration of the proci^ss of diftiision in the two cases. 
A given quantity of a gas will expand to fill any space into which it is 
introduced, whothdr tl^.^ space hath previously been evacuated or contains 
some other gifs. If a gas is present, the rate at which the added gas 
distributes itself ifT considerably retarded. The difiiision or expafision may 
ocoui;even awgainst gravitation, as when a heavy gas, or vapour (c.y. bromine), 
is introduced at the bottom of a cylindrical vessel, fiike a gas, a substance 
in solution distributes ftself throughout the whole volume of solvent. If 
a beaker of concentrated copper sulphate solution is placed in a*large trough 
and the latter carefully filled with water, tlie salt gradually diffuses in all 
directions until ^ho solution is of uniform concentration throughout. The 
rate of diffusion is very much slower than that of a gas, owing to the 
great regristanep to movement encountered, but in other respects the' two 
processes are essentiaWy alike. Since the particles possess mass and 
velocity, there must in eacl^ case be some driving ferce or ]Jiessurc, which, 
in the one case gives rise to gas pressure, aijd in tl^p other \i.e. in solution) 
to osmotic pressure. 

Gas pressure is* readily lAeasured at tW surface or envelope which 
isolates thb gas, and is due to the bombardment of the surface by the 
molecules. , Although it is easy^to measure total gasepressure, it is not eg^sy 
to determine the pressure set up by a single gas present in a mixture. The 
measurement impossible if the pressurefdue to one gas .can be eliminated 
br bringing it tO some fixed vaiue,^or •example, atmospheric pressure. To 
this end it ig necessary f*or the containing vessel to be constructed of some 
material which exerts a selective action, allowing one gas to pass through 
it but not the other. The possibility ofdetermining the pressure of nitrogen 
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in a ini^tftfe of this with hydrogen has been donionstratod bjr- ItamsAy. 
A palladium tube coiitaiuflig the mixture was closed by a manometer an( 
surrounded by an atmosphere of Jliydrogcn at at which tcmpeAtur 
hydrogen diffuses rapidly through the metal, whereas nitrogen is (juito unabli 
to do 60 Hydrogen therefore passed in until its partial piossiire within wa 
equal to the pressure without — namely, atmospheric. The tot^I pressure nov 
regist'.o'ed exceeded one atmosphere, the excess being di^e to the nitrogen. 

In a similar manner, the osmotic ])ressure of a substance in liquid solutior 
can bo measured if the action of the'«ofvent molecules can be eliminate(| 
For this purpose, some ^emi-permeable partition — tliat i^, one permeable tc 
the solvent bul» Impermeable to the solute — is rcfjuired. Tlie selective actios 
of such partitions are available appears to be due to the power of the 
partition to dissolve one of the constituents, which, in this way, finds a 
passage through from one side to the other.^ ^ ^ 

The surfaces of separation originally used in the study of osmosis were of 
animal membrane. Ih-aube ^ first suggested the use of membranes composed 
of substances, such as copper ferrocyanide, which are i)reci})itated in the 
gelatinous form.'* Of the various preci})itation membranes* tested, this one 
has proved u¥)st useful. Pfetler,^ wlio made the first accurate measuromente 
of osmotic prq^sure, deposited the precipitate within the poresiof a cylindricalj 
unglazed, earthonwajecell, thus providing a framework whereby the deposited 
membrane greatly strengtliened. The cells were thoroughly saturated 
with water to remove air, then filled with a 3 per cent, solution of 
potassium ferrocyanide and allowed to stand in a solution of copper sulphate 
of the same strengtii for some days. Idic methods of precipitation have been 
improved by later, workers, and include an electrolytic process in which 
copper sul[)hate and a platinum eloctrod# arc placed within the cell and 
potassium ferroeyanide solution and a copper electrode surrounding the cell, 
the solutions both being fifth or tenth u^)rmal. Oiiifhe j^issfigc of a current, 
a membrane is formed halfway between the inner and out(;r walls, which can 
be made Strong enough to withstuud a ])ressuro of over tlTTrly atmospheres.® 
If a cell such as has been described is filled wth a salt sol^itioiv closed 
by a stopper throu^ which a straight tube passes and then immersed in 
water, the latter enters tho#cell and the solution wses* up the tubt^ at first 
at a rate nppreciable within a few minutes, later more sk)wly^until a maximum 
height is attained. The entrance of water is due to the tendency of the 
solute to diffuse under the acti(m of osmotic pressure ; and since the salt 
cannot pass through tlu; membrane, water passes into the*(;ell from without 
untfl ecpiilibrium is attained, tiie height of solution in the tube <ibove the 
water outside measuring the osmotic pressure. Owing to cfilution, through 


’ Ramsay, PJiil. Maq., WS)4, Iv.k'sS, 206. 

2 Soo Nornst, Zeiisch. phyitiJial. P/irm., 1890, 6, 88; Raoult, ibid., 1895, 17, 737; 
4'amtiunii, 'ibul, 1897, 22, 49u ; f’kisin, CumpL re7i(P., 1896, 126*1497 ; 1900, 131, 1308; 
Crum Brown, Proc. Hoy. ^oc. Ed in., 1899, 22, 439, for an account of Itlier theoriet 
which attempt to account f^r osmosis. • 

Traubc, Archiv Ajiatomie und Vhysioloyie, 18!i7, p. 87. * 

^ For other precipitation membranes, see Morse, Amer. Vh/’m. J., 1903, 29, 173. 

® Pfoder, Osmotisithe Unfersurhuny^n, |ieipzig, 1877. ^ 

® For various mcthod.s of prepiving o^^notj^ prcisuie cells, see Adi%, Trans ^hem. Soc.^ 
1891, 59, 344 ; Morse and Horn, Amer. Chem j., 1901, 2i, 80; Mors& and Frazer, ibid,^ 
1902, 28, 1 ; Mnrse and others, ibid., 1911, 45, 91, ::83, 617 ; Berkeley aifl Hartley, Phil. 
Trans., 1906, A, 206 f 481 ; J. H. Poyii^ng and J. J. Thomson, PropiiPies of Mattel 
(Griffin & Co., 6th edition, 1909). ^ 
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, entran6e of water, the osmotic pressure thus regigtered is nois \ihat of . the 
"•Original solution, and to prevent the entrance of anything more than a trace 
of water, PfefFer’s later mccu^uremcnts were, made with a closed air manometer 
of capillary tubing containing an index of mercury, the pressure being 
measured by the compression of the air. 

The laws osmotic pressure have been deduced mainly by a careful 
study of solutions of„cane sugar (sucrose). Pfeflfer found that the osmotic 
pressure of such a solution is proportional to the concentration, as is indicated 
hytthe following results for a temperature of 13*7" C. : — 


i^ercentaffo 

Concentration. 

Osmotic Ihcssiire 
in Atmo.sphercs. 

1 " 1 

0-691 

2 

1-337 

3 

2-739 

4 

4*048 


- 


Further, it increases with rise of temperature. The following are Pfeffer’s 
data for a 1 per cent, solution of sucrose: — 


' ‘Temperature. 

O.sinolic Pressure 
ill Atmospheres. 

Temperature. 

Osmotic Pressure 
in Atmospheres. 

"C. 


T. 

. 

6-8 . 

0*664 

22*0 

0*721 

13-7 

0*691 

32*0 

0*716 

14-2 

0*671 

36-0 

0 746 

15*5 

' 0*684 




1 IK. 




It was dlo?overed by Van’t Iloff^ thai, despite tlie irregularities in the 
sibove figures, Pfefter’s results give considerable support to the theory that 
bhe^aws of osmotic pressure for dilute solutionrn correspond exactly with the 
^as laws. The temperature ccfcfficient of osmotic pressure is approximately 
the same as that of gaseous pressure. Hence osmotic pressure (P) is 
proportional to f^he absolute temperature (T), or Poc T. Since also the 
)smotic pressure is proportional to the concentration, it varies inversely as 
she volume (V)/)f the solution, ie. Px 1/V. Hence, when temperature 'and 
joncentration both vary,'Px T/V, or 

■ P-'/^ll'T, 

.,0 ^ o 

vhere R' is a constant. For a 1 per cent, solution of sucrose at 6*8" C., the 
)smotic pressure is 0*664 atmOs., or 0*664 x 7^0 x 13*6 x 981 dynes per sq4 
and \, the volume which copjbains 1 gram-molecule (342 grams) of 
lUcrose, is 342 x 100 c.c. Furthe.’?, T = 273 4- 6*8. Hevnee, « 

' ' H' = PV T = ^ i ^ ^ 

'c“ ‘ {2l3 + 6*«“' 

' , ^ = 8*23 X 10' e.G.S. units. 

; ; T — — . 

^ Yan't Hoff, Zeitseh, physikaL Chcvi., 1887^I, 481 ; rhil, Mag., 1888, [v.J, 26 , 81, 
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This vaUe'is in such exqpllent agreement with tliat of R in the gas eqiiatibi 
{p. 27) as to quite justify* V^an’t Koffs statement that the osmotic pressut 
of a substance in dilute solutimi in equal to the p'tfessure that it would exeri i} 
it were converted into a gas at the same temperature as, and made to occupi 
the same volume as, that of the solution. In the main, this statement ha( 
been fully confirmed by later workers.^ • 

Since Pfctfer carried out his measurements, the osmotic pressures of aqueous 
solutions of sucrgse have been the subject of numerous series of experiments 
by Morse and others, p^jessures of 28’*atmosphoros having been iiiea8u?e« 
with accuracy. 2 As a result it has been found that even when solutions oi 
only moderate*(jpnce^tration arc examined, the osmotic pressures observeii 
difter considerably irom the values that would bo expected if Van’t Hoffj 
Law held good. Morse and Frazer^ have proposed the following modification 
of Van’t HolFs Law, as being more accurate than the original statcnie»i ; 
The osmotic pressure is that which the substance would exert if converted 
into a (perfect) gas and the volume reduced to that of the solvent in the pure 
state. Accordingly, Morse and his co-workers always prepared their solutions 
so as to be 0 1, 0*2, 0 3 . . . times weight-normal in concentration, a weight 
normal solutifm containing one gram-c<juivalent of reagent per 1000 grams 
of solvent. T^lic following data for sucrose at 20’ will serve^to illustate the 
sujieriority of Morse iind Frazer’s statement to that of Van’t Hoff when othet 
than dilute solutions arc considered (pressures are given in atmos[)here8) ; — 


WoiRlit- 

Ostnotie 

• 

Ohiiiotlc 

Pie.ssiire, 

VVeiiilit,- 
N(n mal 

Osmotic 

Calculated 

osinotlo 

Pressure, 

Coneeiitra- 

tion. 

observeil, 

♦Vau’t Ilolf. 

Moisi; .111(1 
Pi a/.cr 

'’oiicciitia- 

ti(^ 

observed 

Vaii’t Holt. 

$ 

Morse and 
Frazer. 

0-1 

2'59 

2-34 

2*39 

• 0-6 

1.5419 

» 12*72 

14*34 

0 2 1 

5'OG 

, 1*59 

4*78 

0*7 , 

18i3 

14^58 

16*73 

0-3 • 

7‘(;i 

6 74 

717 

(1^8 ' 

20 91 

vf 16 *36 

19*12 

0-4 

10'14 

8 82 

9*.'6 

0*9 

23-72 

18*08 

2161 

0-6 

i2-7r) 


11 *95 

ro 

2tMii 


r3'90 


, y 


Morse* anil Frazer’s rule, however, is only a^iproxin lately Hrucf and breaks 
down completely when applied to tlie high osmotic pressures measured by 
Rerkeley and Hartley.^ , 

The effect of temperature upon the osmotic pre.ssure has been shown by 
MorSe and his co-workers to resemble tliat observed in the ^ase Of gaseous 
pressure, if allowance is made for the combination occurring between water 
and ^icro^ ^ * 

^ The o^notic pressure of a dilute solution of a salt is not proportional tb 
the concentration, and on comparison vith a non dectrolyte a moleciilar 
! ^ , 

^ For a short account Hofl’s thiMry and its Iniiitutions, see Cha]> VI, > 

Morse and others, Amer. Chevi. 34 , 1 ; IDOU, 36 , 1, 39 ; 1907, 37 , 824, 426i 

658 ; 38 , 176 ; 1908, 39 , 66? ; 40 , 1, 194, 206, 325; 1900, 41 , 1, 92, 257 ; 1911, 45 , 91, 
237, 383, 617, 564 ; F912, 48 , 29 Prcssif-os as high as 134 atmos. havn been measured by 
the Earl of Hoikeley and E. G.^J. Ilurttoyf see# Berkeley and Hartley, P/fil, TreStvs.^ 
1906, A, 206 , 481 ; 1908, A, 209 , 177 ; Berkeley, Hartle/, and Stephen|on, 1909; 
A, 209 , 319. * ^ v, 

* Morse and Amer. Chem. J., ^5, 34 , 1. « 

- * See Lwis, J. Amer, Chem. Soc., 1908730, 668. 
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quantity a salt always exerts much the higher qsniotic pressure. As an 
axample, the data for aqueous potassium ferrocyai?idc may be quoted : — ^ 


Grams K4Fc(CNV, 

Observed Osmotic 

Calculated Osmotic 

per lOOgnis. water 

Pressure (Atniosplieres). 

Pressure (Atmospheres). 

( 

13*580 

,'9*25 

7*95 

8-897 

nm 

5 29 

6*631 

9*19 

‘ ' 3*39 

3*035 

5*41 i 

1*84 , 

1*618 

2 93 

, 0*93^ ’ 


For binary salts, such as sodium chloride, dilule solutions have an osmotic 
pressure of approximately twice the calculated value." These “ abnormal 
values were first explained by Arrhenius on the assum})tion of ionisation 
(see p. 212). 

Indirect M'ethods of Measuring Osmotic Pressure.— The osmotic 
pressures of different solutions may also bo determined by compaiiison methods. 
The contents oi- plant colls are enclosed in semi-pcrmcable merpbraues, and if 
the colls arc placed in strong salt solutions the protoplasmic contents shrink 
away from the cell walls, which latter do not alter their shayq. If the cells 
[ire now placed in pure water, the protoplasm swells out again and completely 
fills the cells. From this it is clear that if the osmotic pressure of the solu- 
tion is greater than that of the cell sap, the protoplasm' contracts — that is, 
olasmolysis occurs. If, on the other hand, the osmotic pressure of the 
JOlution is less t^han that of the t.ell sap, the protoplasm does not separate 
’rom the cell wall. Two solutions are therefore prepared, one of which just 
)aases plasmolysis rher^'as the othen, just does not. The mean of these con- 
jentrations gives a solution of osmotic pressure equal to that of the cell sap — 
n other words, the^ solution is is^otonic with the cell sap. Solutions^ of other 
tfilts may b^y)ro])ared irr a similar mannei, and these are then not merely 
sotonic with the cell sap but also isotonic with one another.^ By noting 
be dilifoions reipiired, the relative osmotic pressures of the original solutions 
an readily calculated. ‘ « • 

In a somewhat analogous manner isotonic solutions may bo prepajcgd by 
he aid of blood corpuscles, but for an account of the methods of procedure 
he reader is referred to the subjoined references.'* 

Osmetic Pressure and Raoult’s Laws.— Indirect measurements of 


* Berkeley, Hartley, and Stepl^ensou, loe. nl. • ' 

* For the results of osmotic pressure 'hieasurenieiits witli various salts, see cui 

eilsch.^physikal. Chem., 1888, 2, 415; 1889, 3, 103; Adio, \oc. cit ; Berkeley, Hartley, 
lid Steifheiison, loc. dt.^ , 

® See Rys'-."!lberglie, Junction osvf6ti(iuc des cellules* vtfij^fu^es, Bruxelles, 1899 ; Brings* 
B^’s Jahrbucher wisscnscliaftliche Botonik, 1884, 14, 27 ; also de Vries, loc. cit. 

* Hamburger, Dubois-Reymond’s Jrchiv, pliysiologischci- Aht., 1886, p. 476 ; 18§7, 

81; Zeitsrh. phi/sikal. C/tem., 1890, 6, 319; Zeitsch. Biologie, 1889, 26, 414. Lob, 

sUsch. physikal. Chem., 1894, 14, 424. Grijii.s, Verslagen Kon. Akad. Wetenseh. Amst., 
eb. 1894 ; Pfliigei's Archiv, 1896, 63, 86. Hfdin, Zeitsch physi/^l. Chem , 1895, 17, 
J4*; Pflugtr’s Archiv, 1895, 60, 360.« Ko^ipe, * Zdtschf physiknl Chem., 1896, 16, 261. 
assart, Archives de Biologie, ‘iJelges, 1889, 9, 16. Wladimiroff, Archiv Hygiene, 1891, 
), 81 ; Zeitsch.^ physikdh Chem., 1891, 7, 521. A very good account of several of these 
athods is given by E. Colien, physical Chen}i«try, translated by*M. H, Fischer (Bell & 
>ns, 1903) ; J, C. Philip, I’hysical Chenvidry (A%old, 2nd edition, 1913). 
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the osmoi,!? pressures of^ilutc solutions may also be made by deto*rmmatioiii 
of the lowering of vapour ptessure, elevation of boiling-point, or depression o 
freezing-point, since each of these, magnitudes n^ity be thermodynamically 
correlated with the osmotic pressure.* It is possible in this manner t( 
obtain results of a high degree of accuracy when the rerpiisite ‘physical con 
stants involved in the calculations are accurately known. kV instance, the 
osmotic pressure in atmospheres of an aqueous solutio» at its freezing-point 
may be calculated from the equation ^ 

•• P- 1206 A- 0021 A 2 , 

where A denotes*the <^cpression of the free/iug-point.^ 

It may be sho\^m^ that fur ddutc soluti(nis the osmotic [)ressure, P, is 
connected with the lowering of vajiour tension by the equation — 

l> !> 

p Al ’ 


or more exactly by the equation — 

p=iog,-^: 

• p 


Ki's 

M ’ 


\vheru and jit/ are tlfe vapour tensions of solvent and solution respectively 
at the absolute temperature T, .s' is the specific gravity of the solvent, R is 
the gas constant, and Al is the moh'cular weight of the solvent in the gaseous 
state. • 

The osmotic pro^ssure of a dilute solution is connected with the lowering 
of freezing-point, A, by the formula • ^ 

. „ lOOO.sT.A 

where L % the latent heat of fusion of the solvent in ealori(‘S and T the 
(absolute) freozing-jioi^jt of the solvent. * - 

The same fonm^iris ajiplicable if A denotes the elevation of boiling-point, 
L the latent heat of vaporisiftion, and T the (absolute)* boiling-point of J:rhe 
solvent (the Solute being snjiposed non- volatile J."* • * 


^ See, for instance, Van’t Holt', Ivc. at. ; Whetluuii, Solutiona (C>^nibri(lge University 
Press, 1902); Nenist, Theorelical ChemiUry, translated by Tizard (Macmillan & Co. , 3rd 
editiem, 1911) ; Lewis, J. Anicr. Chem. isoc,, 1908, 30, 668; and tlio references citcfl on p. 209, 
^ Lewis, loc. cit. j 

® Vau’t cit. ; Aidienius, Zeitsch. yhysihil. Chem., 1889, 3, 115 ; Nernst, opus 

tat ; O'pus cit. » 

^ For a lurtlicr account of osnm1i> luessure, see Findlay, Osmotic Pressure (Longraaps 
& Co., 1913). An acr(»unt of the eApennicnlal inetlmds used by ft'elfer, Morse, and Berkeley 
^id Hartley is given by Lowry in ^iievcr- I'royress, 19^3, 7, ,^>44. 
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CHAPTER IV. 

MOLECULAR WEIGHT AND ITS DETERMINATION. 

The terms “ molecule and “ molecular weij^bt ” have already been defined in 
the first chapter of this volume. Although much evidence of the reality of 
molecules now e^vistsP no methods of measurement have yet been devised for 
the accurate determination of their absolute masses. In chemistry, however, 
One is concernorl almost exclusively with the comparison of molecular weights. 
Accepting Avogadro’s Hypothesis as a fundamental principle, this comparison 
can be readily accomplished by methods which were iitdicatcd by Avogadro 
and finally established through the clear exposition of tlu^ 'hypothesis by 
Cauni‘z>.aro. 

Nearly thirty years after Cannizzaro’s system was published, Van’t Hofi’ 
proved that substances in solution exhibit an analogy to gases, being amenable 
to the gas laws, and therefore to ^Avogadro’s Hypothesis. "A method was thus 
discovered by \^\ich their molecular weights might be compared. ^ 

No such generalisation, however, has yet been di.scovercd for licpiids. 
Various methods of coAiparing the' molecular weights of substances in the 
liquid state have L.^n devised, an^ .some of them are discussed in tlii; chapter, 
but none gives more thjin approximate values. Of the molecular state of 
solids kill fo^ is known, and no attempt has been m^^^]o to describe any of 
the methods which h,ave^bccii suggested for its investigabon. Moreover, the 
modern theory of crystal structure indiiiate.s thlio in the case of qrystallme 
solids the term “molecule” has little significance.^ 

The determination of molecular weights is a necessary preliminary to a 
knowledge of tlnv atomic weights of the elements,'* but only in the cases of 
substances gaseous at ordinary temperature can exact molecular weights be 
directly aeternrined. In the majority of cases it is necessary to determine 
approximate molecular weights of elements and compounds^ and also the 
accurate chemical equivalents of tlw elements. From these two serc., 'Ldata 
the acjjurate atomic weights of the element^ and life molecular formulae of 
the elehients and coii^'pcimds ca^n he deduced. ^ ^Exact molecular weights are 
then derivCi by adding together for each substancft the relative weights 0*1 
tfcfe atoms present in tlio molecule. ^ 

As obtained by physical meas'^ircmcnts, molecular weights do not alwflys 


Sec, fVr f'xampll, the section on CflloictChwnistry 78). 

2 SeoClwps. III. and VI. 

* Groth, H^'odndioh to Chemical Cryslallografhy^ translated by Marshall (Gurney & 
Jackson, 190u}, chap, 1. , ^ * 

. * See Chap. VII. ^ 
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correspond tvtth the simplest formula) that can be assipied to ihe sub- 
stances coricerned. ThuS, knowing the atomic weights of mercury and 
chlorine, respectively, an analysis of mercurous chloride would lead us to 
assign the formula llgCI to the substance. The morecular weight determined 
by the vapour density, ^ however, indicates the formula to bi Hg^Clo. lake- 
wiso, cuprous clilorido is Cu.>Cl,, not CuGl ; and nitrogen peroxul^j at ordinary 
tempcratuie rather than NO^. In the majority of c^ses, especially when 
the taolociilar weights are derived from va[)Oiir densities, the molecular weights 
and molecular formulce correspond to the iimplest clieinical values. t)n thi§ , 
account, values which are* rfbt identical with the simplest possible are often 
spoken of as abmrmal. According to this usage, mercurous, cu[)r()iis, and i 
aluminium chlorides jifld nitrogen peroxide provide examples of substances 
exhibiting abnormal molecular weights. But the va{)our densities of 
aluminium chloride and nitrogen peroxide decrease with rise of temperatu^ 
until at length the values obtained correspond with the simplest formuIa3 
AICI3 and NOg. Such substances may, therefore, be regarded as tnado up of 
molecules which, in certain circumstances, possess the power of aggregating 
or associating. • 

Th« Moleculah Wriohts or (Uses and Vapours* 

The molecular weights of gases are, according to Avogadro’s Hypothesis, 
proportional to their relative densities. Some standard of comparison is 
therefore necessary, and, for the prestml, the element oxygen has *6een 
selected and assigned^the molecular weight 3:1, If therefore Do ropn'sents 
the gas or vapour density compared with that of o.xygen,^ and M is the 
molecular weight of the substance, • 

M : : 1, 

or M=.TJ<)o. 

If, again, the vapour density measurement isfnade relative ^ ♦liydrogen, then, 
since the molecular weight of the latter is found to ^e 2 016 when^ that of 
oxygen is taken as 32, ^ * 

• M-2016D„, 

• 

where Dh is the density compared with hydrogen? 

Or, again, in many cases, the gas is simply compared with air. In such 
% case, . • 

M-28‘0r)DA, 

being the density compared with air, and 28‘95 and 32 the numbers whioh 
;xpress the relative densities of air and oxygen. * 

Tho may be regarded in another aiid very simple way. For," 

linc^ 32 grams of oxygen occupy, fit 0“ and 760 mm., a volume of 22,400 0 . 0 ., • 
he molecular weight of a substance will be the weight (iy grams) whiriti in 
gaseous form occupies 22,406 c.c. at normaf temperature and pressure. 

The methods available fur the experimental determination of the densities 
tf gftses and vapours faTl mto two classes, iiccording as tliey are capable of 
ieldiug exact or merely approximate results. Exact determinations are pos- , 
ible only when the sftbstances ap gar^'ous at ordinary teinperj|tfire8.* ^Liquid 

^ For the dry substance; see p. 142 ; also Vol. Ill, « ' 

* Of coufso, at the same tem[ierdtuio nnd pr^siire. 

® See Ramsay and Steele, Phu. Mag., 1903,*tvi.], 6, 492.. 


VOL. I, 


9 



130 


MODEttN IKOROAKIC CHEMISTRY. 


and solids substances have to bo vaporised, and the gas laws do {i6t accuratolj' 
describe the behaviour of vapours. 

The Exact Determination of Densities and of Molecular 
Weights of Gases. — it is possible to carry out such determinations with 
hydrogen, oxygen, nitrogen, carbon monoxide, carbon dioxide, methane, 
nitrous oxide etc. 

Regnault’s metbod,^ which vas an improvement on that of A "ago and 
Biot, and has itself been improved by subsequent workers, is employed and 
, Is as follows : — ^ 

A glass globe of known capacity is carefully cleaned, dried, evacuated, and 
< weighed. It is then filled with pure gas, at an observed pressure p and 
temperature T, and reweighed. The value of p is usually about 760 mm., 
and the value of T is almost invariably 0’ C. During the weighings the 
-globe is counterbalanced by a “ dummy ” globe made of the same kind of 
glass and being as nearly as possible of the same weight and external volume 
as the experimental globe. The surfaces of the two globes are always treated 
in precisely the same manner. In this way errors due to the hygroscopic 
nature of glass and to changes in the temperature and pressure of tlio air in 
the balance room are avoided. 

In order ^o explain the method of calculation, suppose ,that the excess 
weight of the evacuated globe over its tare is grams, and that of the globe 
plus gas is W .2 grams. The approximate weight of gas" is then {w.j, - w^) or w 
grams, say. It may be supposed that T is e([ual to 0" ‘C. and that p is 
approximately 760 mm. 

Now, the glass globe, being elastic, responds to pressui'e, so that the 
volume of the evacuated globe is a trifle smaller than that of the globe when 
filled with gai’^^* Let this diminution in vobimo o^ the globe, due to evacua- 
tion, be called e c.c. A correction to the weight w is clearly necessary. 
Assuming that 1 p.c, air under Jaboratory conditions weiuhs a grams, the 
upward forco- of the atmosphere on the globe, when filled at atmospheric' 
pressure, exceeds that on the exhausted globe by ae grams. The corrected 
weight' V'h<? ^8 thc.-efore w ae gr.imsA 

I’ho volume of the globe is deduced from the weight of water that it 
hqlds.^ If the appaveiK weight of water (corrected if necessary for the weight 
of air displaced, by the water) filling the globe at 0“ (). is Wt grams, and d 
is the density of water at 0” C., the volume of the globe at 0° C. is 
W/d‘c.c. = V litres, say. 

Hence, assuming the validity of Boylo's Law, the weight L of 1 litre of 
gas at 0° C. and 760 mm. is given by — 


T 760(?e-f-<i<j) 


' t 

In otYler to deduce the weight of a “normal litre,” i.e. the weight of 1 litre 
of the gaanit 0° C. And 760 pressure, at^'sca-levcl in lat. 45*, the above 
yalue of L must be divided by — 


(1 - 0 0026-COS 2X - 0-000000'l9'6/i), 


' * Reg!mu]t, Co*',pt. rend., 1845, 9^5. o 

* For move detailed account, see (’hap. VII. 

* RayleiKhV Proe. Hoy, Sor,^ 1888, 43 , 356 ; the correction thus shown to bo necessary to 

the results oT all previous work, was applied tp Regnault’s results'-by Crafts {Cotnpt, rend.^ 
1888, 106 , 1662). * The measurehient of « is described in Chap, VII. (p. 260). 
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where A - IfAitude of laboratory and h = its height, in metrw, above 
sea-level. ' * • 

The value thus obtained is still subject to correction for at least two 
further sources of error : (i.) that owing to “adsorption'’ of ^as by the inner 
surface of the globe, and (ii.) that introduced by assuiuing the validity of Boyle’s 
Law. The first source of error causes the result to be high ; itf^ magnitude is 
small, ard special methods are required to measure it,^ I'or gases difficult to 
liquefy the correction may be ignored, but rfor easily condensible gases, such 
as hydrogen chloride, it should be detcriijiined if a high degree of accuracy^ 
is required. A number of 'experimenters have endeavoured to determine the 
influence of thi^ source of error by measuring the density of the same gas. 
in a number of diflergiVsizod bulbs. It would bo expected that the measured 
densities would increase with a diminution in the size of the bulb. The 
results indicate that the magnitude of the error must be small, but yield jjp 
definite results concerning the extent of adsorption.*'^ It is not possible to 
eliminate the error by weighing the globe filled with gas under a few mm. 
pressure instead of weighing it evacuated, since the extent to which adsorp- 
tion occurs varies with the pressure (p. 108). • 

The second source of error may be rendered negligible by ensuring that 
the globe is f]ll|!d with gas at a pressure which differs from 76^ mm. only by 
a few mm. Otherwise, a correction is necessary, which can readily be 
applied if the compressibility of the gas at 0* C. is known. ^ 


DENSITIES, CRITICAL TEMPERATURES, AND 
• PRESSURES OF GASES. 


Gas. 

r.. 

b/b(,j. 

Tc. i Pr. 


# 


'• ’ 

1 




* abs. 

* atmos. 1 

Hytlrogen .... 

0-08987* 

0-06289 

'of 

19-4 

Nitrogen . 

1 2506 

0-8752* 

128 0 


Carbon monoxide^ * , 

1 -2503 

0-875(r 

133 -6 

•J\yb 

Oxygen . « 

]-<12l0 

l-OOOu 

151-2 

50-8 

Nitric oxide • 

1-3102 

0-9379 • 

179 5 

71-2 • 

Metliai»p 

0 71 <‘.8 

0'6018 

,190-8 

^.'6 

Garbon dioxide 

1-9768 

1-3833 

304 0 

72 9 

Sulphur dioxide 

2-J»-206 

2 -04 SO 

430-2 

77 7 , 

Nitrous oxide . 

1-9779 

rs84i 

309«6 

71-7 

Hydrogen chloride . 

1-6392 

11471 

324 4 

81-6 

Ammonia. 

0-7708 

Of'394 

405-9 

112-3 

Phosphine 

1 -5293 

1-0702, 

321-3 • 

64-6 

Ethane ^ 

1-3562 

0-9191 

305-1 

48-9 

iiyurogen sulphide . 

l-.539-i 

1#0771 

373-4 

89 1 

Methyl chloride ) . •. 

2-304:. 

1-6127 

416 3 

65-9 

Methyl oxide .... 

2-1096 

1-4763 

400-1 

63-0 

•• 


t 

9 








* liurt and Gray, 'I'ravsT tfiradaij Soc , 1911, 7, «0. • 

^ haume, /. Ghim, phys,, 19U8, 6, 1; Gnyo and Davila, Mem, Hci, phijs, 7iaL, 1908, 


35 , 635 . * • 

® It will be noticed that no allowance Wif been made for the weii,dil» of air di#{)laced*by 
the weights employed. This is not necessary if The relative values assigned to the various 
pieces are correct in air ; if, however, in the calibration of the iveigliiB, all if suits had been 
reduced to the vacuum Aandard before the rotative values of the pieces were cficulated, the 
correction for air displaced by tlie weights Uscomes iieccssarj'. 
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In order to calculate exact molecular weights from the iioKml densities 
of gases, it is assumed that at the mine tein'pe%atijre^ and under h common^ 
indefinitely small pressure, all gases have exactly the same gram-molecular volume. 
The calculation is then caCrried out as follows : — ^ 

Let the common molecular volume of two gases he at 0“ C., and under 
the infinitesir^al pressure Their volumes will be different, v and v', say, 
at a pressure of one^atmosphere, p^. Now the deviations of the ga/^es from 
Boyle's Law may be conveniently expressed as follows — 

!' ■-Sr;-?;"'-'-*-'*' • ; ■ • <’> 

and ( 

= -;>„) = A',',, 

V- I {)^\) ^ ^ 

in which AJ and A'^ represent the mean deviations of the gases from Boyle's 
Law ))et\veen 0 and 1 atmosphere. Hence — 


Pi^i ~ Pi'^ 1 ~ ~ ^ o)Po'^o} 

and therefore 

< '^l _ -^^0 r {(}\ 

• / • • • 

If, then, the “normal" densities (i.c, weights of a “norntal" litre) of the 
gase^are L and L' respectively, their molecular weights M and M' satisfy the 
equation — , 

M ^(l-AJ)L 

. W (r-A'i)L'’ . 


which, if M', V, A'J refer to oxygen, may be wi’ittcn— 




M=3B.L. 

Loi 


(l-A ) 


. (3) 


the limits zero and one atmosphere between which' A is determined being 
understood. This -aquation expresses the molecular eight of a gas in 
terms of ^its density and /compressibility, and the corresponding values- 
for oxygen, 

Tiio determination of A^ involves an extrapolation, but this is easily 
carried out in the case of gases that are difficult to liquefy, since, over the 
range of pressure from 1 to 2 or 3 atmospheres, the relationship between pv 
and p is linear. Morcpver, the numerical values of AJ for these gases are 
very small, and a very high order of accuracy in their meas^'-ement is not 
necessary. With gases such' as cfvrbon dioxide, hydrogen chloride7e'^^ft., t^iat 
are i;eadily liquefied, the values of AJ are much greater and require to be 
determiner!, with a (wnsiderablq, degree of precision. At the present time it 
cannot be said that such measurements have been atoomplished. The relation 
between pv and p is not linear, the graph shoydqg a slight, but decided 
curvature; and the only really satisfactory method of deducing AJ consists 
in accurately measuring the values of pv Horn /; = 1 atmosphere downwards 
as far eis it isi’possible to obtaii]. efkit n>3asuromeiit8. Graphic extra- 
polation, th/^n furnished the limiting value PqVq. The only data at 


^ D. Befdielot, Oornjit' 7(£nd., 1898, 126 , 954, 
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present (l^l4 ayaMablo refer to hydrogen chloride > and selenide and to neon 
and hejiiiin. Of the other methods that have been proposed, reference may 
be made to that employed by Baume,^ in which the Value of AJ is deduced 
from density measurements made at various pressures, and to the various 
methods put forward by D. Berthelot,^ of which that based on the approxi- 
mate relationships — 

AJ = and Ai = „ 

1+AJ,, * 1 + 4AJ’ 

is the simplest.® • • * 

The following table shows the results obtained by this method for a 
number of gases • Tht molecular weights, M", calculated from the Inter-* 
national Atomic Weignts are included for comparison. 


Gas. 

10 ". aJ. 

M. 

M". 

Gas. 

io-\ aJ. 

M. 

. - — atf 

M". 

■ 

- 66 

2-01.65 

2-016 

nci . 

-f 743 

36-1*69 

36-468 


+ 44 

28-019 

28-020 

CO., . 

-f 676 

44-009 

44-000 

CO . 

+ G(^ 

28 009 

28-000 

N.,0 . 

+ 739 

44-OW 

44-020 

NO . 

-1-114 

30-00G 

30-010 

C.,H, , 

-f 1194 

zo-ofi 

30-018 

CH 4 . 


1G'039 

16-032 

(GH3).,0 

-f 2587 

46-064. 

46 048 


For densities, see p. 131 ; the value of AJ for oxygen = 9G x IQ-*'. 


The agreement is, in general, very good, and it is easy to deduce from the 
preceding results the atomic weights H=ii -00775, 14-007 (moan of 

14’010, 14-006, 14-004), 0=12 005 (mean of 12-009, 12 006, 12-009, 11-991^) 
and 01 = 35-460, in good agreement with tiie values o^^Jiained by gravimetric 
analysis. ® 

Ihe preceding method is known as the Method of LTmitiwj Demities. 
Another method of cal(;ulating exact molecular weiWits has been,ffdi‘ui by 
(jriiye.*5 Van dcr WaaiV equation (p. 31) — . j 

+ = . -i) 


becomes, Avhen/? is expressed in atmospheres, and the uriic orv'olume is taken 
as th^ volume occupied by the gas at N.T.P., 




( 6 ) 


f i; • 

)Quye and Friderich/ and also Van der Waals, have deduced from* this 

^ 

J.Gray und Burt, Trams. Soc., 1909, 95 , 1633. • 

‘ 7:1 and Bytebior, Bull. Acad. roy. Bel§., 1912, p. 856 (HoSe) • Burt TraTUt 

Faraday 1910 6 . 19 (He and Ne). » Baimo, /. km K l’9S^3, 6 , IrTz 

li rend.y 1898, 12^1030; 1907, 144 , 76, 269: 145 180 317 

demining ^J are reviewed 1 ^ 4ume,V.’am. 
1908, 6 , 62 ; Guye, ibid., 1908, 6 , 778-87 ; and Litfle, ScUm!^ Pro^refi 1918, % 

® Gnye, /. C^im. 1906 , 3 , 821 . , * - - 

7 Guyeaijd Friderich, Arch. Sd. phys. mt., 1900, (iv.),* 9 , 505, 
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equation t-hat the relative molecular volumes of different gases Rt ^.T.P. i 
proportional to ^ 

I \ I . 1 


Hence, 


(l+a)(r-T)’ (l+a)(r-l»')’ (lTa")(l-ry 
M= KT. 


etc. 




( 6 ) 


'where K is a constant for all gases. It is obvbr.sly the volume in litres 
^occupied by a gram-molecule of perfect gas at N.T.P. For^ K, Guyo adopts 
the value 22*41 2. Hence, t <■ 

22-412L 

The values of a and b may be calculated ^ from the equations, ^ 

T, = 8a/27MI, 

in which, as has been already found above, 

^ R = (l-fa)(l -6)/273. 

Now Van der Waals’ equation is only approximately corrpet, and in order 
to olRain a more accurate representation of the behaviour of gases, it is 
necessary to assume that a and b vary with the tempei’ature. For this 
purpose Guye employs the following empirical formula)' to deduce the values 
of a^^ and the values of a and b at 0“ C. : — 

' ... (7) 


'JV 


The value of /3,*ieduccd from l!he critical constants, density and molecular 
weight, of carbon dioxjdo, is 0 0032229 The molecular weight M is thou 
given by the formula ' ^ 

22-412L 


M = 


(i+a„)(l - OJ 


A simpler method of calculation suffices for the difficultly lifpieffable gases. 
The relations {Tj above are not necessary, the equation 


M 


(l+a)(l-6) = 22’412-hmT\ 


( 8 ) 


being sufficiently accurate. The'’ value of. m, obtained by substituting’The 
knof.n data for oxygen, is 0 0000623. 

The preceding method is Lnown as the •Method of Reduction of Critical 
Constants. It is an empirical method, and being based upon Van dpr Waals’ 
equation,, it would be expecte<? to break down ' foa- gases that are at all 
associated at the critical temperature. The following table illustrates the 

nature of the results it yields : — i 
. • £ 4:5 D 


^ The jjjilculation? which involves the solution of a cubic equation, is conveniently 
effected by^the method given 1^ Haentschel.^na. Physik^ 1905, ^iv.], l6, 565. 

'■* Deduced fvtim Van der Waals’ ec^uatiou, * 
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Gas. 

lOLrt# 

10\/>. 

• 

10 ®. ag. 

10*. V j 

M. 

M'-- 

U, . 

29 

74 


t 

2*015 

2*016 

N, . 

275 

174 


1 

28 013 

28-020 

CO . 

284 

172 



28-003 

28-000 

NO . 

257 

115 


1 

30-0()9 

-30-010 

OIL . 

379 

160 


• * 

]6«34 

16-032 

CO., . . 

721 

191 

847 • 

161 ' 

44-002 

44-000 

N.,0 . 

719 

186 

87$ : 

166 i 

44-012 

44 020 

Nib . 

86!) • 

170 

1664 j 

146 i 

17-036 

17-034 

IK’l . s ■ 

722 

179 

937 

162 1 

36*461 

36 468 

H,S . . 

y)00 

194 

1438 

240 i 

31-085 

84'076 

C,flc • 

•1209 

314 

1449 

299 

30-061 

30-048 


For values of L, T'’, and l*c, aee p. 181 ; M and M" as before. 


Reference only can bo made to Lediic’a Method of Molecular Voluvm ana 
(hiye’« Method of Corresponding Densities} 

Approximate Determination of Gas Densities : Bunsen’s Diffu- 
sion Method.— This method''^ was introduced by Bunsen to determine 
approxiiriatcly*tlie density of a gas when only a few cubic cftitimetres were 
available. It is based on Graham’s Law of Diftusion. 

If d^ and d.f are the densities of two gases, and their rates of flow 

.under the same ditrercnce of pressure through a small aperture, then 

The velocity of flow will bo inversely proportional to the time taken 
for oipial volumes to difl’iyse. Hence, if jyui arc the times re<|uired, in 

• ^ 3 rf 

seconds, for equal volumes of the gases to flow through the aperture, 

• , . 

If is known, d.^ can be found, ^ 

Tire a*()paratus employed consisted of a|^lass tube openmt the lower end, 
and closed by a tap at^ the upper end. Just beyond the tap, the^tube, con- 
tracted to a small ckamoter, was closed by a sheet of platinum'’ cohlaining 
a hole so small as* to be invisible to the naked c'^. «,The tube was filled 
with and inverted over mercury, and the gas introduced,, the le\el of’the 
mercury outside being sufficiently above that within {he tube to drive the 
gas steadily forward. The tap was now opened and the time requived for 
the mercury level to rise through a certain height in the* tube (determined 
by ttie aid of a float) was noted. By a comparison under exactly the same 
conditions with a gas of known density, the density of the* first gas could 
then be foiu.d*. 

iJloro recently, Emich ^ has piodified fhe method for use at high tempera- 
tures (1400“-2000’). It has also boon used at the ordinary temperature by 
Debierne ^ in the determinatifyi of the density of niton (#adium emanation). 

The Approximate Determination of Vapour Densitjw— Eor the 
determination of the )j;a|iour densities of sub.stances which exist normally*as 


^ Loduc, Ann. Chim. Phys., 1898, [vii ], 15, 9 ; 1910, [viii.], 19, 441 ; Guye, Compt, 
rend., 1905, iao, 1386. Tlie vari(*is mf^’'.yils lor (letmiiiinug oxat-t luotccular wyiglita have 
been reviewfid by Guye (J. Chim. phys., 1908, d( Taltl#, Science Progicss, 1913, 7 , o04. 
2 Bunsen, Odsomeirische Mdkoden, 1857, p. 128. 

» Emieh, Mo7iatsh.fim, 24, 747 ; 1905, 26, 505 and 1011. 

* Debierne, Compt, rend., 1910, 150, I7t0. • 
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■ liquids or^ solids, three methods are still in use, viz. those devistd hy Dumas, 
by Hofmann, and hy Victor Meyer respectively.^ f * 

In the first-named method ^ the substance to be volatilised is introduced 
into a weighed round, "poar-shaped or cylindrical bulb, the neck of which is 
drawn out to a point. Tlie bulb is heated by means of a constant tempera- 
ture bath maintained at about 20°-30“ above the boiling-point of the substance 
under investigation until the air has been swept out of the bul^ and all 
excess of the materml also remov^id. The end of the neck is then quickly 
sealed, the temperature and bai’omptric pressure noted, the bulb allowed to 
'cool and then weighed. After the weight has lTe6n recorded, the bulb is 
immersed in air-free distilled water at the laboratory temperature, or in 
*^merciiry, and the point of the neck nipped off. The ti^eigbt of liquid filling 
the bulb is then obtained, the w'cight' of the air contained in the bulb when 
originally weighed being neglected, as it is small in comparison with the 
\V^:ight of the liquid. 

The vapour density of the substance may now be calculated. If is 
the weight of the bulb filled with air, the weight when filled with the 
Vapour, and the weight when filled with water, then = weight of 

water filling the bulb (neglecting weight of air, as already mentioned). 

. If the weight is expressed in grams, the number, so far as an approximate 
determination is concerned, expresses also the capacity of tiio bulb in c.c. 
If, then, d be the density of tho air in grams per c’.c., the weight of air 
which the bulb contained is {w^-w^d, and the weight of the bulb itself 

'■ Hence the weight of tho vapour is - w^d\ 

The weight of the vapour and its volume now are kt'own and the density 
can be deduced.* 

A more accurate developmept of Dumas' method permits of the deter- 
mination of va\;our densities at various pressures according to the amount of 
substance initially taken. The ap()aratus consists of a glass (or quartz) 
vaporisation bulb of khowui capacity, fused into which is a flattened spiral 
tube. Increase *f. the internal pressure causes the spiral to distend, whilst 
contraction is induced h^ raising the external pressure. Tho internal pressure 
can cleilrly^be determined by adjusting the external {^rnssure, tlie deflections 
being observed by meuTjLS of a small mirror. After the Mitrodnction of the 
material, the bulb is ovacuatpd and sealed. l)pon raising thq temperature 
the pressure oh, served is that due to tho vaporised material.'* 

In„the Hofmann method ‘ a known weight of tho substance is volatilised 
in the space abd/e the mercury in a calibrated barometer column, jacketed 
with a vapour tube at some constant temperature. '^I'he amount of tho sub- 
stance required is small and is passed to the surface of the mercury column 
in a small glass-stoppered tube, in such quantity as , to leave -dq. portion un- 
volatilised. Fig. 63 show's- the form of ajiparatus used by Young," By Uiei^US 

^ liumas, Ann. Chiin. Fhns., 1826, fii.], 33 , 337. ^ i. 

® Most o/tYie results recorded in the literature are expre.sr-:cd as densities relative to air. 

examples of the u-^e of the method, see Friedcl and Craft.s, CompL rend,, 1888, 106 , 1764 ; 
Nilson and Pettersson, Zeitsch. phynih'^l. Chem., 1889, 4> 2fv)6^ Ann. Ckini. Phys., Iff90, 
[vi.], 19 , 145 ; Blitz, Ber., 1901, 34 , 2490; Biltz and Prouner, Zeitsch. physikal, Chem., 
1902, 39 , 323. 

* John.soii, Zeite<;h. physikal. Chem., 1908, W, 457i Brenner and Schnpp, ihid., 1909, 
68 , ‘ 129 ; Bteiiner and Brockni/dler, iKd., 8i, 129 ; Bodenstein and Katayama, ihid.^ 
1900, 69 , 2C ; Jrekson, Trans. Chem. Soc., 1911, 99 , 1066. 

* Hofmai^’i, Ber., 1868 -, i, 198, ' 

® Young, Pror. Phys. Hoc,, 1966, 13 , 658, See Thorpe, Trans. Ckevi. Hoc,, 1880, 37» 147-' 
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of this apparatus a series of readings can he made at different tcinporaturcj 
by varying the pressure oft l^io vapour contained in the jacket, and by con- 
necting the closed mercury reservoir to a second piunp the pressure on the 
vaporised substance in the barometer* tube can likewise be altered at will. 

In any case, tlie material is volatilised at a pressure less than atmospheric, 
and substances which undergo decompohition when heated at,^ itmosplierio 



Fig. 68.— Young’s modification of Fio. 61, — Victoi Moyci’s vapoyr density 

Hofmaums vapour deuhity apparatus, 

apparatus. ^ , 

• • • 
pfesl^ire can be investigated by this method. If tlie barometric pressure is 
P mm., the height of the mercuiw column (corrected for temperature) h rflm., 
then the pressure at which th? vapour exists1sP-/i mm. The*v<^lume is 
read on the calibrated barometer tube. < 

T4ie process requires ^hch smaller quantities of material than that of 
Dumas, but cannot be used at temperatures over 250“ owdng to the vapour 
tension of mercury becoming then considerable. Above 100“^ correction for 
the mercury vapour present shoidd be TnR(#c. • , 

Of the three methods, that of Victor Meyer’ is the one jivailaWe over the 

' 1 V. Meyer, £er., 1878, 1 1, 2253^ 
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greatest t^arige of tcinj)crature and the one used in most modern investigations. 
The apparatus (fig. 64) consists essentially of tjio Vaporisation tuBe A, closed' 
at the top by a stoppei, and terminating in a cylindrical bulb at the lower 
end. Outside the heatmg jacket B, a side tube C is attached to A, con- 
necting it with a gas burette or eudiometer tube. A glass rod, fitted through 
a side tube vi the head of the apparatus, serves as a support for the small 
capsule, glass bulb,rOr stoppered bottle containing a weight of the substance 
sufficient to give 20 to 30 c.c. af vapour. Constant temperature is main- 
,tained in the cylindrical bulb by«the vapour of a suitable liquid boiled in 
B; and when once obtained, as shown by a cofis*tant reading in the gas 
burette, the glass rod at D is drawn back and the vessel \^ith the substance 
allowed to fall on to a pad of sand or asbestos in 'c^ie 'nottom of the bulb. 
Rapid vaporisation occurs, and, owing to the length of the bulb and 
parrowncss of the tube, air is expelled instead of vapour through C, and 
collected and measured at the temperature of the gas burette, the pressure 
being the barometric, corrected for the vapour tension of the water in the 
collecting tube. The temperature is ascertained by suspending a thermo- 
meter in contact with the gas-collecting apparatus or in the water jacket, 
with which it is best to surround the measuring app^ ratus to preserve 
constancy o^ temperature. , 

If %v is the weight in grains of substance vaporised, v the volume in c.c. 
of gas observed, jt) the barometric pressure in mm., y the vapour tension of 
wa^er at f C. (the temperature of the experiment), tTtie vapour density 
relative to hydrogen and oxygen is given by the following expressions:—^ 


(a) relative to hydrogen, 

y 


(273 + 0x760 

V xT/> -/) X 27a X 0-0000899’ 


(6) relative jio oxjjgen. 


X (273 + 0 X 7G0 
^^(p -7) X 273 x0-00lT2l)’ 


It is necessary that vaporisation of the substance sluill occur at a rapid 
rate«^ trtkerwise the v^jour will, by slow dilliisioii, find its way up the vapor- 
isation tube, be carried forward with the air expcKed, and condense when 
cooled, thus reducin]^ the volume of air which ought to be obtained in the 
burette.* To t)bt/iki rajiid Vaporisation, the bulb should be maintained at a 
temperature not less than 30“ above the boiling-point of the substance. 
Thus, if steaiiir’s the heating medium in the jacket, a successful determina- 
tion could be easily carried out with carbon disulpliide (B. Pt. 46*), but 
probabl}’^ nof with ethyl alcohol (B. Pt. 78°). ^ ‘ 

Various modilications of the method have been devised. Instead of 
measuring the volume of, gas e^xpelled, laimsdeu'determine^jtbe increase of 
pressure associated with the vaporisation of the s^ibstance, the volume the 
apparatus being maintained constant.^ 

Detc^minatfon of Vapour Density at^High Temperaturee.— 

, Both tlie Dumas and the V. Meyer methods may Ice used at high temperatures. 


^ Those formula} liold when the air initially present in tho^a})paratus was dry. If, 
rhowevr’, the proHraiie of aqueous vajwur in tjjllniitiaiair was x per cent, of the pressure of 

saturated aqueous va{)oui' 4t the factor (;>-/) should be replaced by /^* 

See EvanV, .A 1913, 35,^58. • 

® For details of the method, see Lunisden; Tram. Chem. Soc., 1903, 83 , 342. 
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In the for|no?, porcelain may be substituted for glass, and for tlie latter, 
which is the more useful nSetkod, modifications are described below. 

Up to 600°, constant temperatures can be maintained by a vapour bath, 
for which purpose, aniline (B. Pt. 18i°), diphenylamme (B. Pt. 310"), sulphur 
(B. Pt. 445°), phosphorus pentasulphide (B, Pt. 518“), and stannous chloride 
(B. Pt. 606°) are all available. At still higher temperatures^ Meyer used 
specially sfjonstructcd gas furnaces (see references below^, whilst in the sub- 
sequent investigations of Nernst and y. W*,rtenberg, in which temperatures 
of 2100° were attained, the electric furnace has been adopted for the samQ, 
purpose. 

For high tebi^eratures the vaporisation tube may be constructed of • 
porcelain,^ of platiiuvn,*-^ of platinum and iridium alloyed, or of iridium 
alone.® Above 1700° porcelain begins to soften and must be protected 
by a platinum covering, whilst platinum and iridium are perm£ray,e 
to gases at high temperatures and must bo rendered impermeable by a 
non-porous coating, obtained in v. Wartenberg’s experiments by applying 
a fused miituro of magnesium oxide and chloride. 

Air cannot be used to fill the apparatus in any case where the substance 
readily undergoes oxidation, and, as a r\ile, is not used at high temperatures. 
Nitrogen or lif^drogen is generally employed, sometimes C£y:bon dioxide, 
whilst V. Wartenberg used argon. 

Since in Mey^er’s method the gas expelled is measured at the ordinary 
temperature, the temperature of evaporation need not bo ascertained. ^But 
as many substances change their molecular state, and hence their density, 
as the temperature clfanges, it is obviously of interest to record the tempera- 
ture. At high temperatures, Mensching and Meyer ^ swept out the gas 
{e.g, nitrogen) remaining «after the density determination byj a streanf of 
hydrogen chloride, and from its amount and the original capacity of the 
vaporisation tube determined in like manner, the »temj^raturo was cal- 
‘culated from the known coefficient of expansion of the gas, erfter allowing 
for the arnount of the gas expelled by the va])onscd siibstance and foi 
variou.s corrections, for jbhe evaluation of which tlni^referenco may con- 
sulted. Biltz and Mo^r® used the simpler, though somewhat less accurate,- 
process of collecting the gas expelled from the momcfit-ffhen h eating *beg^n 
to that at whieh the substance w'as introduced, and from l;he amiount expelled, 
calculated, as before, the temperature attained. The vaporisation tube 
served, therefore, not only its original purpose, but acted addition tis an 
air thermometer. Jn the ex]ieriments of Nernst and of v. Wartenberg the 
temp(?tatures were measured photometrically by comparing the^light emitted 
by the heated bulb with that from a standard source (jf light. 

Consid^i^on of -Results. Molecul^jp Formulae. — After the 
mofccular w^ei^ of a substance Jias beenVrived at, the molecular formula 
may be determined by comparison of the molecular weight with the empirical 
formula weight. Thus, to qVito once agai*i the exatnple ofr» mercurous 

Mensching and Moyer, ^«r., 1886, 19 , 3295. • 

2 Dewar and Scott, Proe. Poy. Soc., 1879, 29 , 490; Mensching and Meyer, Zeitsek, 

' phyaikal C?ieni., 1887, rf, 145. 

s Noj-nst, Zcitsch. Elektroi’hem., 1903,1:^22^ H. v. Wartenberg, Z^tsch. anoi% Chem., 
1908, 56 , 320. In these investigations the bul" of the vttjf)ri 3 ation tube was jtduoed to 
a-5-3 c.c. I 

^ Menschinp and Me^-cr, Zeitsch. physika^ Chem., 1887^ I, 145. 

Biltz and Meyer, ibid., 1889, 4 , 249. 
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chloride,* chemical analysis indicates that the amounts of ^ihjprine and 
mercury present are related as represented# tiy the empirical formula 
HgCl. The molecular# formula, corresponding to the molecular weight, 
may be written as (HgCl)„ where n is the ratio of the molecular weight to 
the empirical formula weight. In this particular case n = 2, or the molecular 
formula of mercurous chloride is Hg^Clg. In a very large number of cases, 
however, n is found /o be unity, which means that the molecular vweights in 
such cases correspond with the siifiplest possible cliemical formulte. 

,, Consider now the formula) fo» the chemical elements. The simplest 
formulae are, for example, H, 0, Cl, N, A, P, S, llg, etc. — symbols which repre- 
‘ sent atoms of these substances. Whether or not the symbols also represent 
molecules is decided when the molecular weights of th(i elements are known ; 
and until they are known, the molecular fonnuhe can only be written H„, 
Q,, etc. Avogadro showed, by the application of the principle which he 
introduced, that the oxygen molecule contains two atoms and is therefore Oj, 
and Cannizzaro, by the use of the same principle, came to the conclusion 
that most elementary molecules were polyatomic, generally diatomic, but 
that phosphorAs and arsenic were tetratornic, and, on the other hand, mercury 
was monatomic. 

At the present time the following elements are definitely recognised as 
monatomic from vapour density measurements: mercury, ^ cadmium,*^ zinc,^ 
lead,^ as well as the inert gjxses of the atmosphere, helium, argon, neon, 
kryjj^ton, xenon, and niton. The molecular formuhe of these substances are, 
accordingly, llg, Na, K, Cd, Zn, Pb, lie, A, No, Kr, Xe, and Nt. Almost 
all the metals which have been vaporised possess rnofiatoinic molecules. 

Oxygen, hydrogen, nitrogen, chlorine,^ bromine,*^ an^, below 600“, iodine, 
have moleculir weights such that the formuhe Of,, 11.^, N.j, Cl„ Big, I,_, repre- 
sent them. For phosphorus, arsenic, and antimony, the formuhe P 4 , As^, 
and Sb^ correspo^^d teethe molecuJar condition of these elements unless the 
temperature /is very high. ^ 

For compouiTds the molecular and empirical formulse coincide as a rule. 
The iaU«\ving are welKknown examples. H^O (see J)elow), H 2 S, HCl, N. 2 O, 
NO, COo, etc. ; and among salts, KI,’^ KCl,® and hbClg.® On the other 
hg^nd,' cuprous chl^Ttidft, from vapour density ^measurements, must bo repre- 
sented by, the formula Cu 2 C^ 2 /‘^ and mercurous chloride by Hg^lj. 

Two factors, however, have a considerable bearing on the size of the 
molecule — namgly, the temperature and the pressure. Rise of temperature 
or decrease of pressure tends to break up the large molecules into smaller 
ones, and the dmociation, as the process is termed, may follow ^one bf two 
courses in producing iike parts on the one hand, and unlike parts on the 
other. * ' \ 

Molecular Association ^nd Dissociation : (a) ' Infiidnc^-- of 

Tert^erature. — From the above it is evident that the choice of a molecular 


* Canfizzaro from Dumas’ data. 

* ^ Dewar and Dittmar, loc. cit. 

* Mensching and Meyer, Ber , 1857, 20, 1833. 

* H. V. Wartenberg, loc. cit, 

* For chlorine between 300° and 1450*; Piw, ZeUsch, phjsikaUCTiem.y 1908, 62, 385. 

# ® Be?ow 800° ; ilamsay and Your^, 7 'mnstWicm. fjoc., 1886, 49, 453. 

’ Meiisching and Meyer, 18er., U87, 582 ; Dewar and 8cott, loc. cit. 

* Nernst,%c. cit.{ ® Roscoe, Ber., 1878, ll, 1196. 

'0 V. Meyer and 0. Meye^, Ber., 1879„i2, 1283; H. Biltz*and V. Meyer, Zeitsch 
physikal. Chem., 1889, 4, 266. 
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formula is nof in many cases as simple as may be supposed, for the lAoleoular 
weight, au (1 therefore tlie lf)rigula, of a siibsbince depends to a considerable 
extent on tlie temperature at which it is examined. Many substnnees cxliibit 
the power of becoming associated, or of fornnng molecular aggrc'gutes. Even 
water vapour, the formula of wliich is always written as H 2 O, is not entirely 
in the simple condition which this formula indicates. Kathej, there is a 
balance between the associated and the dissociated moleoides wliicli may be 
represented by the ocpiation assuming the association to 

proceed no further than to double molocuies, the equilibrium depending on* 
3he temperature and the pressure. Bose ^ calculates that the simple molecules 
arc present to th* extent of Od-4 per cent, at 0", 9M per cent, at 100*, and 
91 ‘3 per cent, at 2(K)°„^^ie pressures being the vapour pressures corresponding 
to these temperatures A bettor known case is the equilibrium expressed by 
NgO^ 2 N() 2 . At 150", and at atmospheric pressure, the gas is made 
entirely of simple molecules, AiO^, but as the temperature is reduced below 
this value, association occurs until at the boiling-point ( 22 "), the vapour 
consists almost wholly of molecules. At intermediate temperatures, a 
mixture of the two forms exists. Still more striking is the ca5io of sulphur 
vapour. H. v. Wartenberg found the molecular weight at 2070* to be 50, 
corresponding tljerefore to a mixture of S.^ and S molecules; gt 1710" tho 
molecule is 83 ,^ whilst at the boiling-point (415") the vapour consists of 
molecules which are most nearly represented by the formula In like 
manner, tho molecules 1’^, As,, and Sb^, tend to pass, with clovatioi^ of 
temperature, into smaller molecules, 1 * 3 , As^, and 81).,,“* and, according to v. 
Wartenborg’s measure^iients with antimony, into still simpler mojeoules. 
The diatomic molecules Cl.,, Br.^, b, also begin to pass into monatomic 
molecules with rise of temperature, iodine (^'en at as low a ^temperature 
as 600’. 

Among salts, aluminium cliloride ftirigishos an e?i;ellei^ example, the 
following figures'’ denoting its vapour densities (compared vith aip) at various 
temperatures : — ^ 


— — p 

— 

_ . r 

. „ 

0 

Pumasi Method. 

• 

V. Meyei’s 

* 


* 
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Tempt raturo ' C. 

V.D. 
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K. Bose, Zeilsch. EleUrochem.^ 1908, 14, 270. 

H. BiUz and V. Mt'yer, Zl-itsch. physihtl. Chem., 1889, 4, 266. 

* III reality the vapour i.s a mixture of S, and Sg molecules at temperatures in the 
neighbourhood of the bojling-jioint under normal pressure. 

* Menschiiigand-Me}or, Aniuilen, 4.887, ^4P, 317. H. Blitz, Zeitsch.^physikal. Vhem,,* 

1896, 19,885; Ib.Biltz and V. Meyer, Be?'., 1S8!T, 22, *725 ; fStock, Gibson, and rfStamm, 
Ber., 1912, 45, 3527 ; I’reunerand Brockmoller, loc. cit. * 

® Wartenberg, loc. cit. • % • 

® Nilsonand Pettersson, Zeilsch. physikal. Cimi., 1889, 4, 206. 
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For 'the formula Al.^Cl^, the vapour density should be 9*24, lor AIGI3, 4*6.^ 
The two tueLhoils do not give identical results# b&t the dissoci^ti6n with rise 
of temperature is obvwus. The reason for this discrepancy lies in the fact 
that in the Victor Meyer apparatus the aluminium chloride, when vaporised, 
is ditl'used in an inert gas and its mean partial pressure is thus considerably 
less than oiiv atmosphere. 

Other examples#are provided by stannous chloride ^ and silver ^gjhloride.® 
All these are examples of the« phenomenon of dissociation. A rise of 
^temperature simplities the moleoiilar condition, giving rise to dissociation, 
and a lowering of temperature has the reverse effect. 

Whereas the term “ molecular association ” is usually emfjloyed to indicate 
the union of two or more like molecules, the revers^ , process of dissociation 
includes also the separation into unlike molecules. In all the instances so far 
quoted — as for instance, nitrogen peroxide or aluminium chloride — molecules 
have separated or dissociated into like parts. But quite early in the deter- 
mination of molecular weights by vapour density measurements examples of 
abnormal vapour densities of the second kind wore found. Thus, mercurous 
chloride, accdl'ding to the determinations of Mitscherlich ^ and of Deville and 
Troost,® had the formula HgCl ; but Odliiig ® observed that the vapour was a 
mixture of mercury and mercuric chloride, the mercurous, chloride having 
dissociated into these substances. This naturally suggested that a molecule 
of mercurous chloride should be represented by Hg2Gi2, and the dissociation 
byjjhe equation — 

lig2C1.2^HgCl2 + ng; 

and in 1900, Baker showed that mercurous chloride, when pure and dry, 
vaporises without dissociatin^j^ and that the molecular formula for the sub- 
stance in the gaseous state is really Hg20l2, as had been supposed.'^ 

Phosphorus pentachloride (PCl^), ammonium chloride (NH^(/1), and 
hydrogen iqdid^ (Hi/ furnish other examples of substances having abnormal 
vapour densitiiis due to a dissociation into the dissimilar part,s, 

NH3.HCI, and . L (from 2HI) respectively. Reference will bo made to 
these"” substances in the subsc(]uont volumes of tins work, but it may be 
pointed out here J^a^ in several cases investigated, the /occurrence of dissocia- 
tion defends ^011 tlie presence of traces of iiioistiire. Ammoiiiiim chloride, 
for instance, can, like mercurous chloride, be vaporised without dissociation if 
perfectly dry.® 

(b) Tlie E^^ect of Pressure. — As has been already mentioned, dissociation 
is facilitated by diminution of pressure. This may be illustrated by reference 
to nitrogen' peroxide, the dissociation of which maybe readily* followed by 
density measurements. If the observed vapour density y'ith reference to 
oxygen be d, and if a fraction a of the N.^O^ molecules hax/Vsociated, then 

See also Deville and Troost, Ann. Chim. Phys., I860, [iii.], 257 ; Comyt. rend,, 

1857, 4C SA ; Nilsoii and Potterf-.on, Zeilsch. phystfcal. Chem., 1887, l, 459 ; Friede] and 
Crafts, rend., 1888, 106, 17(54. 

» V.'and C. Meyer, Ber , 1879, 12, 1196. 

* H. biltz and V. Meyer, loc. eift 

'* Mitscherlich, Pogg. Annalen, 1833, 29, 139. 

® Deville and Troost, Compt. rend., 1867, 45, 821. *i 

' ® O’dling, Qii&rt. Journ. Chem. Sac., 1864'^'I7, 2tl. 

^ See Vol. Ill, of this sA'ies. f ' • 

» Baker,'' Trans, Chem. Soc., 1900, 77, 6J(5 ; 1894, 65, 612. On the behaviour of 
niercuroife chloride, see also , Smith and M^uzies, Zeiisch, physHcal. Chem., 1911, 76, 713 
J. Amer. Chem. Soc., 1910, 1641. 
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for each molcc^ilc of initially present in the undissociated gas t^iere are 
obviously (I -a) + 2 a or molecules of tho mixed molecules. The 

theoretical vapour density of is 2 875, and* hence by Avogadro’s 

Hypothesis, 

2-875/^/=!+ a. 

At a temperature of 49'7“, the following figures^ record the '\*alues of the 
degree of dissociation (a) of the N 20 ^ molcci^o, at various*pressiircM ; — 






Pressure. 

a. 

Pio.ssnro. 

a. 

• 




0 nini. 

1 -000 

18-2-69 inni, | 

0-690 

26 80 „ 

0-930 

261-37 „ 

0-630 

93'75 „ 

0-739 

497-75 „ ^ 

0-493 


The sulphur molecule 8 ^ likewise undergoes dissociation with decrease of 
pressure.^ • 

The Determination op Molecular Weight in .Solution. 

From tho analogy already discussed in Chap. between the gaseous 
and dissolved states, a close resemblance between the methods of determining 
molecular weights* in these two states is to be expected; and although J;he 
resemblance may not at first be obvious, a little consideration makes it clear. 

Tho molecular wei«»ht of a gas is obtained by finding what weight of it 
occupies, at 0° and 7(10 mm, a volume of 22,400 c.c. The measurements 
made are temperature* presf^irc, and density (or concentration). » 

With a solution the problem is exac.tly tlio same, it being ncces.sary 
to determine wliat weight of the substanc#, dissolved 411 22^00 c.c. of the 
sidvent, exerts at 0° an osmotic pressure of 7G0 nim. Again the measure- 
ments are femperaturc, pressure (osmotic), and the coniientration (or, as it 
may be termed, the density, or mass of substance per upwit volume). 

The molecular weigltt of a dissolved substance could, of course, be obtained 
without any knowledge of the ^smotic pressure laws, fm-^aoult’s empfl’ici^ 
laws concerning* the depression of vapour pressurenirifl of ffceziftg-poijjt make 
this possible. Indeed, (ho principles and methods introduced by Raoul t are 
3 xten,sivoly used in molecular weight determination in solutio^. These lltws, 
lowevcr, have their tlieoretical basis in the laws of osmotic pressure, and a 
neasurtrneht of the depression of vapour pressure or of tho free/.ing-point of 
i solvent is* only an indirect measurement of the osmotic pressure of the 
lubstance in ^liltion. • 

•Jlilio^mcthods'fo be de.scribed luyx; include those depending on tho direct 
neasnrement of osmotic pressure, the deprcs.sion of vapour pressure, Ahe 
ileviition of the boiling-point aiKMopressioii of Uie freezing-point of» solutions, 
in so far as dilute solutionsf are concerned the theory of these metliiyds has , 
been discussed in Chap, |Ik One other inefjiod of arriving at molecular 
formula), viz., tho empirical method of Ostwald based on conductivity measure- 
ments, is also added. , 

. f__ 

^ E and b. Niil»ari.son, Wied. Annnltn, 1835, 24 , 45#; 188tf, 27 , 60R.' . 

* bilU, 1901, 34 , 2490 ; II. Hiltz and Prfuuer, Zeitseh, physikxl. Chen,,lQ02, 39 , 
823 ; Preuiior and Scluipp,*t5it/. , 1909, 68 , 129* Bleier and K<)lin, Monatsh,, 190(1; 21 , 676. 

® See also Chap. \T. 
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Molecular Weight Determination from Osmotic Pressure.— The 

data required, as already stated, are the tcmpjraiuro, the osmotic pressure, 
and the coucentratioii. '‘The osmotic pressure can be determined by using a 
porous cell with an artificially prepared membrane, or by the methods of de 
Vries and of Hamburger, as already described in Chap. III. 

As the results obtained with aqueous solutions of inorganic substances are 
abnormal, a phenon¥enofi to be discussed later, some moasurements»>tnade by 
Morse and Frazer on cane sugar ihay be used as an illustration. A solution 
"bf 6'84 grams of this substance in tOO grams of water was found to exert at 
15’ an osmotic pressure of 4*91 atmospheres. 

It is required, then, to find the weight of sucrose, which,'' in 22,400 grams 
of water, would exert at 0° an osmotic pressure of 1 atmosphere Hince the 
gas equation is true for dilute solutions, this weight M is given by 

M = ^ 

273 X 100 x 4*91 

= 329*2, 

as compared with the theoretical value 342 calculated from the formula 
CijHgjOii and atomic weights of the elements. The error is no greater than 
is found in many cases when molecular weights are derived from vapour 
density determinations. 

Raoult’s Cryoscopic Method : the Depression of Freezing- 

Point . — As ordinarily practised, the method used contains various devices 
and improvements introduced by Beckmann, but the essential process is that 
of Raoult, and consists in measuring the freezing-point of a solvent, before ■ 
and after ad<^ling a known weight of the substance whose molecular weight is 
required. 

For very dilute solutions, platinum resistance thormoineters give the most 
accurate results. Ordinarily, the Beckmann thermometer of mercury in 
glass, reading 0*001“, is empk)yed (fig. 65). This thcrmometer,.U8ually has 
a scale reading of only^5*-6“, and to obviate the necessity of having a large 
number of instruments ’suitable for different temptAqtures, tlie thermometer 
is so^constructed ^ be available for use at different' temperatures. For 
. this purpose, ,tho upper e.ud of the capillai'y bore opens out into a large 
reservoir into which mercury can be driven. If, for e.xamplej the amount of 
mepsury in the bulb is sufficient to cause the thread to appear on the scale 
at 50*, less meVeury wull be required if the temperature to be measured is 
60“. The instrument is accordingly heated to about 64“ until the exce.ss of 
mercury has"been driven into the reservoir, and it will be found, on cooling 
that the thread is visible on the scale at 60*. A slight correction is needed 
for the varying amount of ^nercuT'y in the bulb.^ 

The freezing-point apparatus (fig. 66) c’onsists of a stout glass tube fitted 
with a sidp tube, riid closed at the top by cork, through which pass the 
thernuimeter and stirrer (preferably of platinum). , The side tube, also closed by 
" a cork,’ servos for the introduction of the substance under investigation. Sur- 
rounding the freezing-point tulae is a wider tube wllieh serves as an air jacket 
and so prevents too rapid a fall of temiicrature, and finally the cooling-bath 
.which* may contain a freezing mixture^ \jater,only or other material, according 

^ See,Ostwa]d-t'ather, Fhysico-chemische Mmungen 3rd edition, 1910). Fora - 

descriptiou of various types o'’ differential thermometers, see beckmann, Zeilsch. phyaikal. 
Chem., 1906, 51 , 329. 
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to tlie freezing-point of the solvent. A known weight of the solvent^js intro- . 
duced into che freezing-point and the freezing-point detiTinincd, when- 
ever possible, by the method of supercooling. For this purpose the solvent 
is cooled directly in the cooling-bath until solid b(?giiis to separate. The 
tube is then quickly dried, placed in its jacketiflg-tubo, the liquid stirred 
slowly, and the temperature read off when it has become constant. An 
approximate value for the freezing-point being tlius of^tained, the tube is 
withdrawn from its mantle and the frozor^ solvent allowed to melt. It is 
then replaced in its jacket and the liquid stirred slowly while the temperature,. 



Fio. 66.— Beckmann thermometer. Fio. 66, — Bocknninu freozing- 

point apparatus. 


falls. Whew the temperature has fallen to 0‘2'’-0-5* below the Approximate 
freezing-point, the liquid is stirred more vigorously,* when crystallisation 
co^^croes, anl the temperature rises.* The liquid being slowly stirred, the 
. temperature is read off e.ery fevf seconds, the thermometer being tapned 
before each reading. The highest temperature reached i,s recorded as the 
freeiing-point of the solvent, llie freezing-poi^it should be determvBod in 
three independent experiments and the mean value adopted. •• * 

A'weighed quantity of^.he solute (usually cAmpvcssed by meaiLsofa small 
tabloid press) is then introduced through the side tube into the solvent and 
allowed to dissolve. The freezing-pom t^ of the solution is then, determined as. 



^ If crystallisation does»not commence, the'liquid must be inoculaterbwith a tijiy (J^stal 
.of the solvent. • • 


' YOL. h 


10 




m 


MODEilN INORGANIO CHEMISTRY.' 


already /loserlbed, an approximate value and then four or five a'^curate values 
being found. . 

A further addition of solute and another freezing-point determination are 
then made. 

In order that roa.sonably accurate results may be obtained, the cooling- 
bath should pot bo more than 3“ below the temperature at which the solvent 
freezes, the amount of supercooling of the solution should not exceed 0‘2'’-- 
0*5", stirring should be uniform and not too rapid, and thp thermometer 
.should always bo smartly tapped hpfore a teraperaturo is road. 

The calculation is made as follows : If w granSis of a substance, dissolved 
in W grams of solvent, lower the freezing-point of the laUer by A" C., the 
molecular weight M of the solute is given by , ' 


where the value of the constant C depends only on the solvent. 

The following are the values of the cryoscopic constant 0 for some 


'{ommonly used solvents : — 

Water . . . 18G0 

Benzene , . . 5000 

Nitrobenzene . . 7000 


IMienoI . . j . 7300 

Acetic Acid . . 3900 

Formamide . . 3900 


'The constant C is equal to one hundred times the value of Ilaoult’s 
“molecular depression of the freezing-point'’ (p. 122), which may be 
calculated, as was shown by Van't Hoff,^ from the equation 


Molecular depression - 


^2T^ 

L"’ 


in which T denotes the freezing-point (absolute) of the solvent, and L its latent 
heat of fusion la calories per gmm. 

Molecular Weight by the Depression of Vapour Pressure.— 

Jlaoult’s law^ of depression of vapour tension for dilute, solutions of non-volatile 
sohit-is (see p. 11 4)y^niay be written as 


n “N 

If is the weight of the solute dissolved in W grams of solvent, m and M 
denote the molecular weights of solute and solvent respectively, = — , and 


W 

N = -r, SO that 

M 


Po - Pj _ 

Po 


and hcti^e rn can be found froq^ measurements of*tliC vapour tension. • 

The method is not used very extensively for inorganic solutes, and is 
mainly confined to aqueous solutions. Two sets of hplbs are connected in 
S^eries,*the first^set containing^the |oliit^n, the second, solvent only, all being 

‘ Vaiet Flofi; Vet.-Akad. HaiidL, 1836, 21, f Zeitsch. physikal. Chem., 

1887, I, 481 ; Phil. Mag., 18«8, [v.], 26, 8f 
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kept at constant temperature. If now a current of dry air isjaubbled 
throiigh the liquids, it wili t%ke up an amount of vapour proportional to the 
t^apour tension. From the the first sot it will removo^a quantity (which can 
be arrived at by weighing before anti after the ex]feriment) proportional to 
and from the solvent, which has a higher 'vapour tension, a further 
piantity proportional to the diflerence of vapour tension, - p, The total 
imount removed is proportional to/>„. Hence, by substituting these values, 
ind’ knowing the concentration of the solution, the molecular weight of the 
lolute can bo found. ^ ^ ^ 

Instead of measuring tlfb depression of vapour tension, it is more usual to 
determine the elevation of boiling-point w’hiclj, for dilute solutions, is pro- * 
portional to it. F(9r,^fti fig. 67 below, suppose the three curves represent 
the vapour tension of the solvent 1, of a solution II, and of a more concen- 
trated solution ITT. At a common pressure indic.ated by tiie line ABO, the 
boiling-points are and such that (AB) is the elevation for tlTe 

first solution, and (AO) for the second. If dilute solutions only are 



considered, then the portions of the curves are vcry*hort, and may be con- 
sidered straight and parallel (see p. 114). 

Hence, AC«AB-AE;AD, "" * • 

or, the elevation of boiling-point is proportional to the depression of vapour 
tension. • 

Rughoimer ^ iised a combination of the two processes in determining the 
molecwhir weights of a number of metallic chlorides dissolved in molten bismuth 
chloride. A measurement was first made of the eff’qpt of pressure on the 
boiling-point yf *1110 solveiit, next, the boiling-point of the solution of known 
cvrvencration >>as observed. From the fitst stfb of measurements, it was 
possible to calculate the vapour tension of the pure solvent at the boiyng- 
poijit of the solution. Hence, ^Iso, the deprcj^sion of th« vapour tension at 
this particular temperatuie was obtained, and by substituting the ^«lue8 in 
the equation already givep,jthe molecular weight was found. / * 


^ For details, see (J.stwald- Luther, Physiko cheviische Messungen ; Walker, Zeitsch. 
pkysikal. Chem.y 1888, 2, 602 ; Earl §f Ber^-iejey and Hartley, Vroc. Jioyk Soc., 190J, A, 7% 
166 ; Phil. Tran^., 1909, A, 209, 177. For oiior v|ipour-i*ressare methods see Biddle, 
Amer. Chem. 1903, 29, 841 ; Menzics, J. Amer. Chem. Soc., 191(JJ^, 16MS. * 

* Riigheimer, Ber., 194)3, 36, 8030; Annalen, 1905, 339, 297 ; Ru^ieimer aral Rudolfi, 
ibid., 1905, 339, 311. • • 





Ebulhoscopic Methods. The Elevation of tiie Boihng-Pomt. 

-Beckmann's Method. — A convenient form of apparatus for general labora- 



Fig. 68.-~15eckmann’s boiling-point 
f i^pparatus. ^ ^ 


tory use is shown in fig. 68. 

The boiling-point tube A has two 
side tubes and Through 
which is closed by a ground-glass 
stopper, the substance under investi- 
gation is introduced as required. 
The tube is longer than and 
carries a water condenser to return 
condensed vapour to the boiling-point 
tube, and an uprignt tube containing 
fused calcium chloride, giving access 
to the air. A stopper at V carries the 
Beckmann thermometer which dips 
into a known weight of the solvent. 

The boiling-point tube stands on 
a square of asbestos millboard, and 
is protected from cooling effects by 
surrounding it with a cylindrical glass 
mantle G containing air, a square of 
mica, S, cutting off radiant heat and - 
hot air currents from the exposed parrf 
of the thermometer. The source ^ 
heat is a small gas flame, and super- 
heating is avoided by introducing 
glass beads, garnets, pieces of granite, 
or, best of all, small pieces of pktiniira 
foil bent into the form of^etrahedra. 

The boiling-point of the solvent 
is first noted. Sonife little timer’s; 
generally heeded before the tempera- 
ture becomes steady to within O-pT. 
When this condition has been at- ' 
tained, t^e temperature is note^ and 
the height of the barometer read. 
The apparatus is allowed to cool a 
^ degrees before the introduction 
(best in the form of u small pastille)^ 


of a ki^own weight of the substance, and afterward i>| the measurement of - 
boiling-point is repeated with the ifolution. Several additions of material 
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may be made and readings taken. The boiling-points should be Corrected 
for variations in barometric pfessure during the experiment. 

The molecular weight is then cajculated from y,<»formula very similar to 
that used for freezing point measurements, viz.— 


M = 


Gxw 

aW 


where A is now the elevation of the boiluig-point, and C is the molecular 
elevation. The constant in this equHtion may, like the corresponding^* 
freezing-point co^jstant, be calculated from a theoretical equation, namely, 


2 ^ 

J 


where T is the boiling-point (absolute) of the solvent and L its latent heat ^f 
vaporisation in calorics per gram (see p. HO). 

For some common solvents, the following are values of the constant C : — 


Benzene . . . 2700 

Chloroform . . 3900 

Carbon disulphide . 2400 


Ethyl alcohol . 1170 

Acetone . . .1700 

Water . . .• 520 


The above process gives results which should not vary more than ± 6 per 
cent.^ * 

The Landnheryer-%1curai — Instead of heating the liquid either by 

a flame or by olectricSl means, it can be more rapidly raised to its boiling- 
point by passing in vsipour of the solvent. Sakurai first used this meth^ 
in molecular weight deteriqcrtnations, and. the sSme principle is adopted in the 
better known Landsberger method.^ The method, as used by the latter' 
author, was not intended to give results of* great accumcy, btit the improve- 
ments introduced by Turner* provide a meajjs of obtaining ;^cftrate results 
at a greater speed than is possible with the ordinary Beckmann apparatus. 
The latest modification (ftg. 69), employed by Turnerf^nd Pollard,'^ consists of 
the molecular weigh^tube AB, 17’5 cms. in length and 2‘8 cms. diameter in 
the main portion, fitting at a ground glass joint b intiTTho boiler CD, which 
also servos as tt constant temperature jacket. Vilpour passes •from the boiler 
through E, 12 cms. from the bottom of AB, and issues through two perfora- 
tions at F into the liquid whose boiling-point is being measiired. FroiJl the 
tube AB \apour escapes by the tube KL, which should be as short as possible, 
into a* con^lcnser, connection being made at another ground glass joint c. 
Into the molecular weight tube a ground glass stopper with two tubulures 
fits at a, one«tubuluro providing the vapour exi^, the other an entrance for 
rf afiort-stemmed Beckmann thermometer of ^-8 mm. diameter. 

In carrying out a determination, the molecular weidit tube, togcjther 
with the stopper, vapour exit tube, and thermometer, is \veighcd‘co a centi- 
gram, and a small but undetermined quantity of solvent then added, a*8econd, 
and larger quantity being ’placed in the boiler with two or three pieces of 
porous pot to produce steady boiling. Vapour passes into the liquid in ihe 


^ For a discussion of the condition^ nec6-3*ry to give accurate re.sults%ith this fhethod*, 
see Beckmann, ZAtsch. fhysikal. Chevi., 1908, 6^, 177.* • , 

Sakurai, Trans. Chem. Soc.^ 1892, 6i, 989. * Landsberger. ifer., T898, 51, 468, 

* Turner, Trans. Chedh. Soc., 1910, 97, 11^. , • 

® Turner and Pollard, Troc, Chem. Soc., 1[913, 29, 349. 
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molecular weight tube, during which process the tap T| is usually Icept closed, 
and by its condensation raises the temperature ‘to tlio boiling-point, indicated 



Fig 69.- - Turner and I^llard’s modification of 
tlie Landsberger-Sakurai appai^tus. 

valtnt conductivities at dilutions of 1024 


represen ts'ihe basicity of the' acid.® 


by the constancy of the thermo- 
meter reading. Most of the sol- 
vent is now returned to the 
boiler, a known weight of the 
substance to bo tested'' is placed 
in the tube, and the process re- 
peated. After reading the tem- 
perature, the apparatus is quickly 
disconnec^yed (it a and c, and the 
tube, with its attachments and 
contents, again weighed, Tj being 
closed. The weight, less that of 
the apparatus and solute added, 
gives the quantity of solvent pre- 
sent. By connecting the appara- 
tus again, and continuing the 
passage of vapour, a series of 
readings at difhtrent concentra- 
tions can be made. It will be 
noted that in, this process the 
amount of solvent is increased, 
whereas in the Beckmann method 
the amount of solvent is fixed, 
and that of the solute varied as 
desir6d.^ 

Molecular Weight by 
Conductivity Measurements^ 

—As a result of m^urements 
made on the alkalL salts of a 
large number of acids, Ostwald'-^ . 
found the^ difference in the^^” 
equivalent conductivities 
infra, p. 205) of N'/1024 and N/3|g 
solutions at 25° to be approxi- 
mately equal to ten times the 
basicity of the acid. ,, Expressed 
algebraically— ^ 

Ajq24 ^S2'~ 10 X B, 

where and are the 
and 32 litres respectively, and B 


* For -further details, pjirticularjy the conditious requisite for accurate measureiaents, 
the onginal papers mentioned above should be consulted 

* Ostwald, Zeiisch. physikni. Cliem., 1887, I, 74 ; Walden, 1887, 1, 529 ; 1888, 2, 49. ^ 

, * Tfie rule may, be more generally expressed J^hus 

^■bos4 ^ A32=«i.n2-C, t 

where n, ^ valency of anion, 74= valency of cation, A* = equivalent conductivity at a dilution ' 
of X litres per gram-equivalatit, and C is a»constant for each temperature. At 25* C. the ‘ 
value of the constant is 10. 
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This rule provides a means of measuring the basicity of an acj^ and of 
deciding the formula to ije .assigned to it and its salts. Thus potassium 
permanganate was at one time assigin^d the formula l^oMn^Oj,. The following 
results prove, however, that the simple formula KMnOj is the correct one.^ 
/X represents tl^ etjui valent conductivity, and if the volume of solution, in 
litres, which contains 1 gram equivalent of solute. 


V. fl. 

32 113-7 

64 117-1 

• 

Whence, • 


V. fjfi 

128 lli0-9 

256 121-8 

~ ■^82 ~ 


V. /X. 

512 122-6 

1024 123-7 


On the other hand, tlie simple formula XSO^ for potassium persul- 
phate was, by the same rnetliod, shown to be incorrect, and KjSJOg 
substituted. 2 

Consideration of Results. — Since, according to Van’t Hoff, a substance 
dissolved in a liquid medium behaves as if it were converted jnto a gas, it is 
natural to expect general agreement between the molecular weights of sub- 
stances in th« gaseous state and in solution. Thus, arsenic trichloride 
dissolved either in benzene® or in carbonyl chloride,* has ^he molecular 
weight corresponding to xVsClg, and the same value is arrived at from vapour 
density determinations. So, also, iodine is represented by T^, both in the 
state of vapour and in solution in bromoform-'^ and in a largo number of 
other solvents ; and* nitrogen peroxide dissolved in acetic acid exhibits 
the power of forming double molecules to much the same extent as in the 
state of vapour.® Slill further, the metals n^rcury, lead, zinc, and cadmium, 
which, as vapours, have 'monatomic molecules, exist in a similar condition 
in solution in tin.'^ ^ 

If different results are found in the two states— an5 it may b^^e said at once 
that therS are many such cases,— the cause Inay be traced t^f one or more of 
the factors, temperature^ concentration, and solvent. ^ With regard to the first, 
it will be apparent, fr>m the fact that much lower temperatures are used, as 
a rule, in solution iTieasurements than in vapour, thatXbe possibility irf asso- 
ciation beconvBS increasingly greater. , , • 

The following are examples Of inorganic substances kiiown to bo at^sociated 
in solution in certain solvents : hydrogen chloride and nitrogen peroxirio and 
tri-oxide (in benzene) ; water ; sulphur and phosphorus ; ® aiitTmony trichloride, 
and HrilSromide ; mercuric, zinc, ferric, and lithium chlorides; aluminium 
bromide Sbd iodide ; ammonium, potassium, and rubidium ioHlidos, and the 
halogen cojiy^oimds of tl^e organic bases resembling tto alkalies. The extent 
•*v.f association varies in practical^ all case* witlf concentration, the molecular 
size increasing as the solution becomes more concentrated, as illustrated by 
the following examples ; — , , * 


* Bredig, ZcUbcft. physikal. Ch«m., 18fi3, I2, 230. 

® Walden, loc. eit. ; Bredig, loc. dt. 

® Raoul t, ( 7 o 7 n;>i. nud., 1885, loi, 1056. 

* Beckmann and Junliei’, Z^Usrh. anorg. Chnn , 1907, 5 ^ 371. 

• Beckmann and Stock, ZeihA. p\iisik(\L 1895, 17 , 107, 

• Ramsay, Tram. Chem. Soc., 1889, 53 , 621. 

’ Hffycocllaud Neville, Trans. Chem. iS'oe., 1890, 51 , 3ir6, 

® Beckmann, Zeitsek. physikal* Chem., 1890,^, 76. 
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Phosphorus in Carbon 
Disuiphide.* 

Antirnont Trichloride 
in Chloroform ® 

T per 100 ' 

grams CSj. 

M. W. 

SbClj per 100 
grams CHCls. 

M. W. 


f> 



grams. 


grums. 


] •.'■>81 

129^ 

6-4 

262 

3 7-23 

134 

7-34 

269 

7*44 

142 

8-88 

272 

10 84 

1.60 

11-1 

^284 

18 '86 

170 



(1V=12> 

0. 

(SbCl3 = 22 

6-6). 


In salts the degree of association depends both on the positive and negative 
radicle, an inorease in the mass of the positive radicle, when a series of 
similar salts is considered, bringing about a decrease in the degree of associa- 
tion. Thus, jin chloroform solutions, each containing 0‘025o gram-molecule 
of solute in 100 grams of solvent, tetraethylammonium bromide has an ap- 
proximate molecular formula of [(C. 2 H 5 ) 4 NBr ]7 2 , aod tetra})ropyl-ammonium 
bromide [( 03 H 7 )^NBr)],. 7 e. In like manner, ammonium iodide is more 
strongly associated than potassium iodide, and this, in turn, more than 
rubidium iodide.^ » 

The Influence of the Solvent in Molecular Weight Deter- 
minations. — Another factor besides the temperature may serve to make 
the molecular size in solution different from that in the gaseous state, 
namely, the influence 0 / the Bolvent<it 8 elf. This influence may be chemical or > 
physical, or both. When combination occurs between the solvent and the " 
substance dissofved, it is usuaby found that the molecular weijht ofHhe 
substance is apparently lowered. Instances of this ^ccur in the aetermina- 
tions made by Werner and his pupils^ of the niolecukr weights of a large 
number of halogen ♦uj-Hs of metals, such as (JuCl, AIOI 3 , etc., in piperidine, . 
pyridine, ^and other solvents, in which combination between solvent and 
solute occurs. 

Where chemical action is absent, the solvent may exert an influence of.^ 
another kind. Solvents have generally been classed as associating solvente^r 
or dissociating solvents according as they allow or prevent the formation, by " 
substances dissolved ip them, of aggregates of 8 im])le moleculetf. To the 
class of so-called associating solvents belong benzene, carboq disulphide, 
chloroform and bromoform,‘btc., and to those which prevent association 
actu^ly dissociate the molecular complexes of added substances belong 
water, methyl and ethyl alcohol, and others. * It has been shown ® that the 


• ' Beckmann, loc. cit. ' o “ 

’ Turner, Tram. Chem, Soc., 1911, 99 . 880. 

• For references to and discussion of the molecular association ,of salts, see W. E. S. 

.Turner, Tram. Chert. Soc., 1911,99, 880. , , r 

* Werner, Zeitach. anorg. Chem., |897, U 5 , 1. t 

Turner, Ui. cU., also Tram. Chem. Soc., 1912, lOl, 1923 ; Turner and Pollard, ibid., 
1914, 105 , 1761 ; Turner and Bissett, 1914, 105 , 1777 ; Meldrum asd Trfrner, Trans, Chem, 
Soc., 1908, 93 876 ; 1910, 97 , 1*805. 
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legree of assSciation depends largely on the dielectric constant or specific In- 
iiictive oaj[)acity of the midium, media of high dielectric constant preventing 
association, whilst tliose of low value most readilj permit of association. 
A. medium of high dielectric constant weakens the jfttractive forces between 
molecules, whereas one of low dielectric constant allows these forces freer 
play, and does not hinder their mutual attractions.^ 

The Molecular Formulas of Inorganic Substance!— From the 
foregoing it is evident that molecular 8ize,#nd therefore molecular formula, 
should be associated with certain definite^ conditions if any uniform system^ 
for writing molecular forniTilm is to be obtained. Quantitative knowledge of 
the molecular sttito of liquid substances (sec this chapter) is at present so , 
uncertain that it isMqf usual to take it into account in fixing the formula to 
be adopted. Avogadro’s Hypothesis is made the basis of the molecular weight 
system, and equal weight is given to determinations whether made in the 
state of vapour or solution,'^ No convention has been adopted, however, as 
to the temperature of comparison, or to the medium to be regarded as the 
standard. The sinqdest molecular formula of iodine obtainable is I, not Ij, 
for dissociation of begins at as low a temperature as 600 », and at high 
temperatures tlie sulpimr molecule is undoubtedly represented by S. As to 
the medium, if* is uniformly the same in vapour density determinations, 
namely, the ether (vacuum), the dielectric constant of which is* taken as the 
standard (and has the* lowest) value, unity. For investigation in solution, 
then, some solveift of low dielectric constant should be used if the process is 
to be comparable with a vapour density determination, and the state of the 
free physical molocuU is to bo ascertained. If water is the solvent, in the 
case of a salt the simplest possible molecular weight may be no more than a 
fraction of that cofrespo\jding to the simplest chemical formula. It has- 
therefore been suggested 'l)y Turner tlTat one of the following schemes be 
adopted for the derivation of molecular weights and foijjTiuUej — 

* I. Employ as molecular weights and formula) those values wjjich actually 
corresponcf to the states of the .substances unTler specified coiiuitions. 

This means that each substance may be represented by difleront formula 
according to its temperature and concentration, and also according to the 
nature of the medium surrounding it. vr- • 

ri. Choo8e,molecular weights and formuhe oiJy from the r^^sults of vapo’ui 
density measurements, as in the original application of Avbgadro’s Hypothesis, 
since, by so doing, the medium will bo fixed ; and use for purposes of*com* 
parison temperatures within 100“ of the boiling-point. . 

ITi. Make vapour density measurements only the basis, and adopt the 
formula) dbrresponding to the highest temperatures attaitfed with the 
substances. • , 

Tile first scheme is doubtless the best in theory, but, in the present state oi 
knowledge, hardly possibTe in practice, and scheme II. is probably better ^than 
II J. The last-named agrees ir^ some respects^ with pros<>nt practice, in that 
the smallest or simplest possible formula is usually adopted. lhu8>»H2, Ng, 
O2, NaCl, KOI, AgQI would represent molecules of these substances; 
as is at present the custom in chemical literafiire. Cut tiien, for the sake of 
consistency, cuproui^ chloride should be written Cu.^Clo and not CuCl ; and P2> 


' Bee Turner, iflc. w. ,, , ^ 1, 1 1.1 

The usual custom ^being to use the .smallest possible formula obtainabj^ by theat 
processes. See Turner, Molmilar Longmans, 1#15), 
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Asj, S, and from the indications given at 1500*, Br and Cl, ^oiild also be 
written for molecular quantities. Molecular forifulte chosen in ^accordance 
with scheme III., howqver, cannot bo regarded as strictly comparable. In 
any case, whichever of the preceding systems be chosen, the data at present 
available only suffice for the determination of a limited number of molecular 
formula, and the majority of formula) can only be regarded as empirical. 

Abnormal Mplecular Weights in Aqueous Solutio^. The 
Theory of Electrolytic Dissociation. — When water is the solvent ^ im 
^ molecular weight determinations aqd the substances concerned are electrolytes 
—acids, bases, or salts, — the results differ essentially from those observed 
, with non-electrolytes, such as cane sugar, urea, etc. Molesulc for molecule, 
an electrolyte always produces a greater osmotic pr6s;8i?'re or depression of 
freezing-point than a non electrolyte. Accordingly, at the time when Van’t 
Hoff showed, from his interpretation of Pfeffer’s osmotic pressure measure- 
inents, that the equation PV=RT holds alike for gases and solutions, he was 
obliged to introduce into the equation, where electrolytes were concerned, a 
factor i (the so-called Van’t Hoff’s factor), 

, Obs. osmotic pressure Obs. F.Pt. depression 

wn6r6 % ^ ^ Qj* ^ -- - - 

Calcd. osmotic pressure Calcd, F.Pt. depression’ 

f *' 

the solution being of normal concentration. For, salt solutions 'of this 
strength, accordingly, the gas equation became PV = HIT. ^ 

yhe explanation of this phenomenon, put forward by Arrhenius in 1887, 
is known as the Theory of Pllectrolytic Dissociation or the Tonic Theory. It 
will receive detailed treatment in a subsequent chapter \seo Chap, VI.). 

The Molecular Wekguts op Pubp fiiQuios. 

Many methods hav) boon propised by which the molecular weight of a 
liquid subslpince may be meapired, but none of them possesses a souncf 
theoretical basis such as Avogadro’s hypothesis affords to the studly of gases 
and dissolved substanaes. At best, the results (ian only be regarded as 
approximate. Of the various methods, only those- which have in some 
mpashre been used*rrith ii^rganic substance? . are discussed. ^ 

Ratnsay ’and. Shields’ Method. — The early work of Edtvbs ^ 
formed the basis upon which Ramsay and Shields^ founded a method for 
determining th^ molecular weights of pure substances in the li(prid state. 

It has been seen in Chapter II. that if P, V, and T denote the^ pressure, 
gram-molecujar volume, and absolute temperature of a gas, t**''*’^ ” 

‘ PV-RT, 

where R is a constant, independent of the nature of^the gas. The products 
maybe termed the volume-energy of the gas. An ecpiation of similar type 

c * Turner and his co-workers have shown that the molecular weight of a solute is almost 
entirely a*fanction of the dielectric cojistant of the solvent. • When this constant is hick, the 
molecular weights of electrolytic solutes are smaller. Water, formic acid, forraamide, and 
hydrogen cyanide — all solvents of high dielectric constant — behave similarly. Thus water 
i§ not r^lly abnonpal in its behaviour although, ^bein§ the first case' of its kind to be studied, 
it was regarded as exceptional^ I ® * ‘ t 

2 EotYos.i/TvVd. Jnnalcn, 1880, 27 , 448. 

* Ramcay and Shields, rhil. Trans,, 1893, A, 184 , 647 ; Tr<ins. Chem. Soc., 1893, 63 , . 
1089. • ’ 
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has been sjiown to hold, within certain limits, between the surface^nergy Of 
a liquid and the temperatirc* The equation is 


y,»=--Jc r, 


where (y . s) is the surface energy, r the temperature measured downwards 
from the critical temperature, and A is a constant, independent in the nature 
of the liquid. The surface energy is the product of y,*the surface tension 
between the liquid and its vapour, and «, wliich denotes a surface over which 
are distributed a certain definite number* of molecules 
the same for alhjiquids. 

The preceding ^qi^tion was found by Ramsay and 
Shields to be only aq)proximately true. The relation- 
ship between (y . s) and t was found to be as indicated 
in fig. 70, the portion OC of the graph starting from 
the critical temperature at 0 being curved, .and the 
portion CA being rectiline.ar. Hence it is necessary to 
subtract from r the Value = say, and not to use 
the equation at temperatures between D and 0. The 
corrected equation is therefore 



y . .s = A(t - d). Fio. /•(). — Variation of 

rni 1 ^ 1 ‘ 1*1 1 /. molecular surface 

J he value of a is^usually about o. energy with the 

As a measure of .s, the expression (Mv)J, proposed temperature, 
by Eotvos, is adopted ; M and v denote the molecular 
weight and specific folume {i e. volume occupied by one gram) of the liquid . 
respectively. , 

In order to eliminate^«cf and arrive at the value of measurements of 
specific volume and surface tension are made at two ditleront temperatures- 
Denoting simultaneous values by the samt suffix, the ^juati^ns 


, y2(Mv2)* = %o-(/) 

lead to the following Equation for ^ : — 

(’■i - “Tg) 

Now it is found that if k be determined from this equation, using for 
M tlitf nffilecular weight of the substance in the gaseous state, the value is 
2T2 (usin^ C.G.S. units) for quite a number of substances. *lt is therefore 
concluded that these substances undergo no change in molecular weight 
tllfeir passage from the gaseous to the liquid •state. ^ Among such nc^mal 
liquids are benzene, chltfrobenzoife, and ether. When, therefore, it is observed 
that the value of k for a liquid js less than 2T2, it is corgjludecl that a^ocia.- 
tion takes place when the vapour condenseif to liquid (since to obtain the 
noi;mal value of A a grety^er value for M is necessary than the one; that has 
been assumed). From flie observed value of for’any particular substance, 
it is possible to derive an approximate measure of the dem'ee of association, 
Thus, if association has takeii plf||pe^ Aq is less than 2T2, simply becgiuse ^le 
5 • ^ 

^ For a discussion of this point, see Yoiyig, Stoichiometry (Longmans, 19%), pp. 222 
and 352, • ■ 



*vv MODPIfcN mORGA^IO d^KMiSWtV, 

mass off. the molecule is not truly represented by M, but by xM, where x 
greater than unity and expresses the degree of assliciation. Hence, whilst 

by substituting for M the equation becomes 
y(a;Mt;)l = 2-12(T-4 

whence 

approximately. 

The practice of the method requires the determinations at two tempera- 
tures (for accuracy, not less than 10“ apart) of siirfaca> ttjnsion and density. 
The surface tension is measured by the height to which the liquid rises in a 
capillary tube, and is calculated from the eipiation y = y?Wi/2, where h is the 
h'^ight of Ii(]uid, <t the density, r the radius of the tube at the meniscus 
of the liquid, and </ the constant of gravitation. From the density the 
specific volume v is obtained, since 'y=l/o-.i 

The following table, compiled from the results of several investigations,^ 
' records the degree of association of a number of substances : — 


SubsUince. 

Tempera- 
ture " 0 . 

X. 

1‘02 , 
1-01 

0 97 
1-06 
1‘7'2 

d -81 

Substance, 

Temjjera- 
ture “0 

X. 

<1 

Phosphorus trichloiide . 
Sulphur monocliloride 
Sulphuryl chloride . 
Silicon tetrachloride 
Hydrogen chloride . 

Water . ... 

e 

16-16 

46-78 

16-46 

18 9-45 6 
159-192 
h 1) S . 
20-30 

Sulphuric acid . 
Sodium nitrate. 
Potas.siuni nitrate , 
Silver chlorhje . 

Load chlorido . 

10*2-132 5 
330-400 

32 3 

10 7 

8 7 
3-29 
3*60 


Ramsay and Shields’ method has been eitiployo.! much more than any 
other for determining the molecular weights of liquids, but in a number of 
(^es the value of k is -considerably greater thar 2’12, which would apparently 
represent a state of dissociation of the molecule. In most instances where 
this is observed there is no reason to believe that dissociation actually occurs, 
and the existence of such cases shows that implicit reliance cannot be placed 
upon the method,® It is more reliable to regard a liquid as normal when 
(y.«) is a linear function of the temperature than to judge by the numerical 
value of k. 

The surface tension of the liquid need not be measured by ^ho cajdllai'y 
tube method.' Morgan uses the arop-weigJii inetho^J, ba.sing it upon Taf^^ 


* For details of apparatus and methods, see Ramsay and Shields, loc. cit. ; Dutoitand 
Fridericli, Sci. vhys. nat, 1900, [iv.], 9 , 106 ; Guye and Baud, ibuL, 1900, [iv.], ir, 
409, 537; llewitt and Winmlll, Trane. Chem. Soc., 1907, pr; 441 ; Renard and Guye, J. 
'{jhim. phys., 1907, 5 , 81. 

® Hamsay and Shields, loc. cit. ; Ramsay and Aston, Tram, Chfjn. Soe., 1894, 65 , 167 ; 
BQttomle;', ibid., 19.()3, 83 , 1421 ; Lorenz and Fa\jfler, , 1908, 41 , 3727. 

* See Dutoitand Friderich, loc. cit. ; Mi is Homfray and Guye, J. Chiv\ phys., 1903, i, 
506 ; Terrier acid Merry, Trans. Chem. Soc , 1910, 97 , 2069 ; Walden, Zeitsch, physikal, 
Chem., lOlcT, 75, 556'; Tyrer, ibid,, 1912, 8 p, 60; Guye, J, Chitn, phys., 1911, 9 , 605; 
Walden and Swmue, Zeitsch. physikal. Chem., 1912, 79 , 700 ; 1913, 82 , 271. 
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Law that theVeight of a drop of liquid, farmed at the piano end of a thick- 
-.walled tubh of capillary l|)re and allowed to fall as the result of* its own 
weight, is proportional to the diameter of the end of the tube and to the 
surface tension of the liq^uid.^ Tato»8 Law, however* is only approximately 
true under certain conditions, as has been shown •theoretically by Lohnstein 
and practically by Harkins and Humphrey. The latter investigators have, 
shown tlnit the drop-weight method may be accurately ap[91ied without 
assuming Tate’s Law.' ^ • 

Trou ton’s Law.^ — Trou ton’s Law, usually stated in mathematical 
form, is ML/T = constant, \fhere M is the J^iolecular weight of the substance** 
(as a gas), L it^ latent heat of evaporation, and T the temperature of the 
boiling-point (at atukosjlheric pressure) measured on the absolute scale. 

Walden, from a largo number of measurements with normal liquids, gives 
20'7 as the value of the constant for normal liquids. If the observed value 
is appreciably higher than this, it is taken as indicating association of the 
molecules during passage from the gaseous to the lapiid state. Thus, liquid 
ammonia gives the value 23*6 and water about 26, so that these sulistances 
in the liquid state are not represented by the simple fornpilce NHg and 
HjO respectively, as indeed all methods agree in indicating. 

Walden’s ^Methods. — Walden has deduclid a method in which the 
surface tension is involved, but which differs essentially from* the Ramsay 
and Shields’ method. The surface tension r(3sults are not employed in the 
ordinary units, bift in terms of the cohesion a^-^^yja-y where y is the 

surface tension and <j the density. Walden^ finds that between the latent 
heat of evaporation ayd the specific coh(‘sion, when both are measured at the 
boiling-point, a relationship exists such that constant. The average 

value of the con8tant*is found to bo 17 '9. Bu|, according to Trouton’s Law, 
ML/T-~20'7. By substituting the value L=l7*9a‘-^ in this equation, the ' 
expression M-lTGT/u^ is obtained, whereby the molecular weight of the 
•liquid can be calculated. * 

By this method Walden found, for instance, that SnCl^, l^iCl^, Brj, CCl^, 
PClg, SOgCl,, and OSn were the formuhe actually representing these 
substances in the liqi^cf state. Furthermore, the anomalous resuUs found - 
with certain coinpofinds when Ramsay and Shields’ process is adopted are 
not found with this method. * 

A slight modification of this process has been applied diy Walden uo many 
inorganic’ substances, particularly salts. Substances at tlioir boiling-points 
are at approximately comparable temperature.s, for, very roughly, the boiling- 
point^enfperature is two-thirds of the critical value, both measured on the * 
absolute 8*ale. If the melting-points of substances could 'be similarly 
regarded as comparable temporal nres, then the exprijssions L/u^ and ML/T 
wfyild«also b^ constant the melting poinj}. Therefore, in turn, the expres- 


^ Morgan and Ste.venson, J. Am^.-Chem. Soc., 1908, 30 , 360 l Morgan and Hilgins, 
ibi^., 1908, 30 , 1056; Morgj^, ibi^, 1911, 33 , 349*!and 643 ; Morgan aTid Thomssen,. 
ibid., 1911, 33 , 657 ; and numerous other subsequent papers in the same journal. *See alsQ 
Lohnstein, Avn. Physik, 19il6f [iv.], 20 , 237, 606: ZeitHc\ physiM. 1908, 64 , 

686 ; ^1913, 84 , 410 ; Harkins and Humphrey, J. Amcr. Chem. Soc., 1916, 38 , 228, 236,' 
242 ; Tlarkins and Brown, ibid,, ]>, 246. Reference should also be made to the work of 
Jaeger and his co-worl?ers {Proe. Akad. Wetensch. Amsterdam, 1914, 17 , 329, and 
subsequent papeM), in which the pre 8 .surd*wRhii^ an ijnmersed gas butJblo on the*point bf ‘ 
bursting is utilise to measure the surface tension of the liquids. . 

' 2 por the derivation (^Tthis law seo Young, Stoichiometry (Longmans, 1908), p. 166. 

* Walden, Zeitsch. physikal. Chem., 1909, 65 , 129, ‘iW, 647 ; Kistiakowsky, Zeilseh, 
Eleldrochem.^^0^, 12 , 518 ; Dutoitand Mojoiu, J. Chim. phys., 1909, 7 , 169. 
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, sion M ■= (constant) x T/a^ would be 'applicable at the melting-point (T), 
although the constant would have a different valu^^ from the preceding. 

Walden tested this expression for measurements made at the melting- 
point and found, for a la/ge number of non-associated liquids, that Ma^/T is 
actually a constant and equal to 3’65. Hence the molecular weight of a 
, liquid at its freezing-point is obtainable from the equation M 3-65T/(i2. 
The results ^11 indicate that fused salts have very complex molecules, the 
degree of complexity of sodium chloride being 10; sodium bromide 8 ; sodium 
^ iodide 6 '2. In all the cases investigated, the chloride is most and the iodide 
least associated. 

^ Of other methods which have been proposed, special 4 fcfcrence may be 
made to that of Guyed This investigator points out tnat the presence, even 
to a small extent, of associated vapour molecules, is an indication of extensive 
association in the liquid state. In both states there is an equilibrium, 
depending on the temperature, between the various forms of the substance 
present. From the known concentrations of these in the vapour (see 
p. 141), and the known volume of vapour produced from unit, volume of 
liquid, Guye calculates the degree of association in the liquid state. At 
present the method has only been applied to water, and the results indicate 
that in the liquid state water consists of a mixture of (H^P)^, (H 20 ) 2 , and 
H 2 O, called i^spectively trihydrol, dihydrol, and hydrol. These results are 
in general agreement with the views of Housfield and Lowry, ^ and partly also 
with those of Sutherlrnd ^ and of Armstrong.'* 

* Guye. Trans. Faraday Soc., 1910, 6, 78. 

2 Bousficld and Lowry, Traii/t. Faraday Soc., 1910, 6, 16. 

* Sutherland, PkU. Mag,, 1900, [‘'•I, 50 . 460; 7'rav.9. Faraday Soe,, 1910, 6, 105, 

* II. E. Armstrong, Froc. Roy, Soc,, 190S, A, 81, 80. 



CHAPTER V. 


CHEMICAL CHANGE. 


Types of Chemical Change. — A general idea of the nature of rhcmicai 
change and its distinction from physical change lias been given in (Chapter I. 
The further consideration of chemical change will form the subject of thp 
present chapter. • 

The following types of chemical change may be recognised : — 

1. CombiTianon — Two or more substances unite to form ^ne new sub- 
stance. Examples are (a) the union of mercury and oxygen to form mercuric 
oxide; (b) the uijion of hydrogen and chlorine to form hydrogen chloride; 
(c) the union of phosphorus trichloride and chlorine to form phospl^onis 
pentachloride ; (d) the union of sulphur trioxide and water to form sulphuric 
acid, etc. : — 

((i)2Hg + 0, =2HgO 
,%h) -t-Cl, ^2ftCl 

(c) PCI3 + CI2 -PCI5 

(d) 8O3 


The addition of oxygen to a substance is ternieu j uiiu cviAuitiuii 

of hydrogen, reduction} • Thus (a) and {b) representitbe oxidation of mercury 
and the reduction^ chlorine respectively. A substance is said to be 
synthesised from its elements #when it is formed by tiro direct union ‘of jts 
constituent ek)nients, and accordingly (a) and* (/>) dei\otc *hc syn^iesis of 
mercuric oxide and hydrogen chloride respectively.- 

2. Decomposition of a substance into two or more sin^iler subsimnees. 
Exarapleg arc (a) the decomposition of calcium carbonate into carbon 
dioxiife and calcium oxide ; (b) of phosphorus pentachloride into phosphorus 
trichloride\nd chlorine ; (c) of ammonium nitrate intoj:ntrous oxide and water, 
etc , all of wiiicli are efteeted by the application of heat : — 


•(a)CaCr )3 -CaO-t-CO.^ 
{b)vci -pci^-f-a 

^)NH,N0,.'-Nj0+^H„0. 


^ Oxidation also comjn’ises subtraction of hydrogen, tlie increasing of electro-negative 
atoms or radicles in a iij^olecnle, and the diminution of electro-positive atoms or radicles in a 
molecule ; reduction also comprise.s ffibtriuition of oxygen, tlic incrcasi^jg of electr^-posit^ye 
atoms or radicle.^in a molecule and the dnuitiuti^n of»electrqjnegativo atoms or radicles in 
a molecule. • * 

® The building up of«a substance from its elements, even when it is nccossary^to perform 
the pi'oeoss in a number of stage.s, is also teruTed its synthesis. 



S. Digsoctahon . — It will be noticed tliatone of the reactions described abdye 
as a comoination is also described as a decomposition. This appartint contra- 
diction arises from the fact tiiat according to the conditions of the experiment, 
^be reaction can bo made to proceed in either direction. It is accordingly 
a reversible reaction. Re^vernhle decQmposition is known as dmociation. 
The fact that a reaction is reversible is indicated by replacing the sign of 
equality in tlm chemical equation by so that the preceding dissociation 
is written : — ' 

PCl,':;r^PCl3-FCl,. , 

Reversible reactions in general will be discussed later. 

4 . Displacement of one element in a compound b/t*he action of another 
element. Examples are {a) the di.splacement of hydrogen in hydrogen 
chloride by zinc ; (b) of iodine in hydrogen iodide by chlorine ; (c) of iron in 
feicic oxide by hydrogen ; [d) of silver in silver sulphate by copper, etc. : — 

(а) 'An + 2 HCl-ZnCl.^ +H2 

( б ) 2 HI -1-CI2 = 2 HC 1 -hi, 

(c)Eeo03 +3H2 = 2 Fe -h 3 U ,0 
{d) + Cii CUSO4 + 2Ag. - 

Such a displacement as (c) is a reduction, viz. the ^eduction of iron oxide 
to iron by removal of oxygen. Similarly, the removal of hydrogen from 
hydrogen iodide in {b) is an oxidation of hydrogen iodide to iodine. 

5 . Double decomposition or metathesis. — Tins type is of very frequent 
occurrence, and may be represented generally as follows : — 

AB-hCD = AC-hBD. ^ 

Examples are {a) the interaction of hydrogen chloride and silver nitrate ; 
'(b) of barium vitrat^ and sodiuB-i sulphate ; (c) of sodium chloride and 
sulphuric acid, ^eto. : — 

(a) HCl + AgNO, = AgCl + H NOg 

(b) Ba(N()3).2-h Na..SO,j = 2NaN03-h'BvS04 
(r)NaC'l +H2SO, -NaHSO.-hllCh ^ 

Doi^^le decomposition in which water is one of the starting materials, is 
called hydrolysis, or hydrolytic decomposition; e.g. tlio decomposition of 
phospViOrus tribi;omide by water: — 

PBrg + m.fi = HjPOj -h 3 H Br'. ' . 

6. Substitution. — This somewhat resembles disj)lacemcnt, but the dis- 
placed element combines with the displacing element. For example, tbe first 
action of chlorine on methane is represented thus — , 

' ' , . CHi + Cl2 = CH3Cl-vHCl. 

S*ubstitution is of frequent occurrence in organic chemistry. 

The preceding are the simplar types of chemical* change. The classihca- 
tioh here employed is independent of chemical theory. Frequently, however, 
the classification of chemical reactions is bpsed upon 'the molecular and 


^ This ^yinljol, pjoposed by H. Marsliall, is more commodious than which is 
frequently employed. • 
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atomic theories, when tlic results differ somewhat from the precediijg. For 
instance, the synthesis of h^’drogeii chloride is then looked upon as a double 
decomposition — 

Hll + CK!]^ir(n + H(l 

Further, the terni “dissociation'’ is restricted to mean the i;everNiblo de- 
composition of one molecule into several others. ^Dns rcstrict.on, however, 
is not adl.vU'ed to in practice, the decompi^ition of calciflm carbonalo being 
almost invari;d)ly called a dissociation, althougli the molecular weight of 
calcium carbonate is unknown. * 

in the prese^nt state of knowledge concerning molecular weights, it is 
impossible to carry .oulpa class! licatioii based upon molecular considerations 
without having to alsuino the molecular formula' of a largo number of 
substances. 

There is another type of change which differs markedly from the prccifl- 
ing, viz. tliat in which one sub.^tance is (piantitatively transformed into 
another, wiilumt eitiier the addition or the subtraction of any material 
substance. Thus tlie cliange is not associated \\itli any change in composi- 
tion. Examples are the conversion of yellow into red phosphoi^is, of oxygen 
into ozone (see allotropy, p. Gl), the transbu’inalion of ammonium (lyaiiate 
into urea, ctc.^* Such changes are called internal riarrangen^nfs^. and are 
attributed to reairangcineuls of the atoms in the nioloeules. It is when 
sucli reactions as, these are considi'n'd that tin* sejiaration of chemical 
from [iliysical (dianges becomes ditlicult, for there is a close resiuubliliico 
between the changes (jnoted above and tin; cbaiiges of llie nature of fusion, 
evaporation, transition from one crystalliiK; form to another, cte. (see (Miap. 
II.), wdiicb are nsnally classed as physical cbaiiges. 

Tiikrmociikmistuv. 

• o 

Introductory, --ft has been already t*tated (p. b) th^t •n eluimical 
change is accompanied liy an evolution or absorption of heal, this bi'ing the 
usual manner in which felie dith'reuce Ix'tweeii the«iut('rual energy of the 
system ill its initial, "^nd linal states is rendered evident. Since, Itowever, 
many [ihysical changes — fusion,, va|)orisation, etc. — are *attouded by tlicrmal 
changes, this phenomenon alone do('S not distingliish between* eheini'xd and 
physical change. TIk^ study of the I hernial effects associated with chemical 
changes is termed tliermix'Jieniistri/.- • 

Tlieriiiycliemieal change is readily understood in tlie light of the law of 
conservatioi^ of energy (p 5). Each substunce under givcj;i conditions 
possesses a dcfiinto amount of internal energy, usually termed its infrinsic 
energy.. The .'fum of tbo intrinsic energies of tlig various substances which 
und'eigo change is, in general, •bfferent I'rom the sum of tlie intrinsic 
energies of the substances produced, ’rhe ditrererice, expressed in lieat^units, 

^ Dissoriations such as the h.lluwiiig ■ 

N..(),=^2NO..^ 

arc also clianges in whicl^ there is no alteration in composition. 

“ For further information the retder is Referred to the following *work,s ; THbrnserni - 
Thermo chemiyry,*tYmH\itvd by Kurke (Longmans k Co., *1908) ; Muir jnd Wilson, 
Elements of Thermal Clwnistry (Macmillan k Co,, 1885) ; Ostwald, Lrhrbiirh der nllije- 
meinen Chemie (Leipzig, 2iid edition, 1893), v^l. ii., pt. 1, and the wdrks of Thcftisen and 
Bcrthelot refeired to later. * 
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is called^the heat tone of the reaction ; when it represents heat liberated, the 
reaction is said to be exvthermivj whilst when lieat is absorbed, tfie reaction 
is described as endother^iiic. The majority of reactions are exothermic. The 
heat tone of a reactio'ii is usually accounted for as the thermal change 
observed, but in certain ‘<;ircumstancc3 it may appear partly as electrical 
energy, sound, etc., wliilst there is freipiently external work done on or by 
the system. It is onjy possible to determine the diffnrnre bet ween the intrinsic 
energies of two systems, one of wlfich may be converted into the other, and 
tliermochemical measurements atl^ml the easiest means of ac(|uiring such 
data. The reactions chosen for these measurements are those, like solution, 
dilution, neutralisation, etc., which can be (piickly ctl'edLed at ordinary 
temperatures and in which the only energy changes tub be considered are 
those duo to thermal change and external work. In such reactions the 
ol^^crvcd heat of reaction practically coincides with the heat tone when 
solids and liipiids only are conc(‘rned, the external work being negligible. 
When gases arc produced or used up, a small correction is necessary to obtain 
the heat tone of the reaction.^ 

Historical. — The first important generalisation discovered in thermo- 
chemistry is due to Lavoisier and Laplace; - namely, that the (juantity of 
boat reijuircd to decompose a compound into its elements 's e(jual to the 
heat evolved' when the compound is formed from its^elcmouts. The father 
of modern thermochemistry, however, is Hess, whose work a])peared in 
184p.'^ Hess discovered the fundamental law upon which ail thermochemical 
calculations are based. This law, known as the Loio of Constant Heat 
SuDwiatiou, may be stated as follows 

The heat developed in a chemical chani/e depends onh/ on the initud and 
final stapes of the s//stem, and ii independent of the intermediate stapes thronph 
lohirh the si/stem passes^ 

For example, the total heat do eloped when a quantity of ammonia gas 
is allowed to react witH its e(juivalent of hydrogen chloride and th(' product 
dissolved in a llirge (quantity of water is eipial to that develojied when the 
same (piantities of these, substances are separately di-ssolved in excess of water 
and the tw'o solutions mixed. Hess arrived at the law by experiment some 
years': before the law ‘of the conservation of e^pergy was recognisc'd. Subse- 
quently .1. Thoxnsen pointed'out that Hess’s Law could be deduced from the 
law of conservation of emwgy. 

.Akjst tlierinochemical measurements liavc been carried out by tw'O 
chemists and their pupils. The experimental work of J. Thomsen com- 
menced in 1803, that of M. Berthelot in 1873. Throughout their lives, those 
two investigators were constantly occupied with thermochcmical problems, 
and they accumulated a vast amount of data of considerable acyuracy.^ The 


LTliis amounts to 0'58 Cal. per giam molecule of t^as at 18'’ [viPe su}>ra, j). 28). To 
obtHin t!ne lietit touo,.ilt is added to t^o heat int'asiiiC'H'ahjrimetrioally fm cacli gram molTOule 
of gas puduced (since its equivalent has hccu e\ponde<l in ‘vork done hij the system), and 
•subtractecj for each giain-molocule of gas that dis.ip|M'ais (sipco its equivalent in heat is de- 
veloped frdm woik done on the sy.stenX). In the examples givf^n the values denote heat tones. 

“ Lavoisier, (Eiivrcs, vol, ii. p. 287. 

3 Hess, Fufj<j. Annnlen, 1810, 50, 385 ; Ostwahr.s Klm^sikcr, No 9. 

L * Ibvs, of coursoj understood that the prodactfpn oV ch-ctrical enojgy, .sound, etc., is not 
supposed to occur. , t i c 

^ Published in the following woiks: Thom.seu, Thrrmocheniisehe Untersiieh ungen 
1882-6), 4- vols. ; BeVtlielot, Fssai de merhcntque chimiqur, foilUi^c snr la thcrmochime 
(Paris, 1879), and Thcrmochime donnks ct loi!> mimkigiics 1897), 2 vols. 
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pioneering work of Favre and Silberinann,^ and the later work of Stohmann ^ 
should also be mentioned. ^ The revision of a large amount of tlK'rntoohemical 
data has been commenced py T. W. llicliards, and a uumber of results have 
been already published.^ • 

Thermochemical Methods, Notation, etc.— The practice of thermo- 
chemistry belongs to the branch of physics knoan as caloriiie‘1 i v and cannot 
be descri^'ed hcre.'^ Such reactions as solution, n('utr;ilis:ij;i()n, elc., ari* carried 
out in an ordinary open calorimeter, but the heats of combustion of sub- 
stances are measured by^means of a ^alorinictric bomb, a closed steel, 
vessel lined with platinum or enamel, in which the substance is bni-neil in 
oxygen under f?evera^ atmospheres pressure. The substance is placed in « 
contact with a wire*4ieatcd electrically to start (he reaction, and the heat 
liberated is determined by submerging the bomb in a known mass of water 
and observing the rise in temperature. 

There arc three units of heat in common use in terms of which the 
results are usually stated, namely, the gram-calorio at 18'’, written ivL, the 
kilogram-calorie, which ecpials one thousand gram-calories and is written C<tL, 
and the heat reijuired to raise the temperature of one gram, of water from 
0“ to 100’ is adopted as the unit. The latter is practically one hundred 
gram-calories, *nd is written K."' 

The simplest method of expressing the hedt ofrenrfion corrc^lxmding to a 
rhange is to write down the change in the customary way as an ei|nation, 
and affix the mal^nitude of the thermal ellect at the end, a positive sign in- 
dicating heat evolution, a negative one heat ahsorption, Tlie (luantity of lieat 
stated is that corresponding to the reaction between the nimiber of formula 
weights expressed in the equation, the unit of mass being the giam. For 
example, the equation • 


[Znl-t-(Cl,)-[ZiiOk,]-p07“2 Cals. 

'indicates that when tjr)-:i7 grams of zinc unite with 7tfb2 grams of chlorine, 
97 ‘2 Cals, of heat are evolved. “ • * 

When a substance is dissolved in a largi' excess of water, the further 
addition of water hi's no tliermal ellect. d'o indieaU', that a .suiistance is 
dissolved in such an excess of water, the ahhreviation .\i| is aiipcndecUto its 
formula. For example, the cipiatioii , • 

[ZnClo] -f A([. = Zii(do.A(j. -f- 15*0 (^’als. 

means that the solution of l.'l()-2b grams of zinc chloride m a large excess 
of wafhr is attended with the evolution of lad) (Jals., whilst the ecpiation 

. lICl.Aq. -f NaOH.Aii. - NaCl.Aip + FIT (^als. 

• • 

denotes that when 30-47 graiijs of liydrogeif chloride in dilute aqueous 
solution arc mixed with 40'()1 grms. of sodium hydroxide in dilute aij^ieous 

36, I ; 


, 34 , 




I'A- 1, 


^ Fdvre nnd Silbeiniiinn, inn. Chmi. [m.|, 

1853, fill.], 37 , 406. 

^Stohmann, J. pruki. Okifl , ISSO, 39 , .^>0:5. « • 

** Kichard«, J. Amcr. Chew Soc., 19(tS>, 31 , riTt) ; Richards and Josso, ihidf, 1910, 32 , 
268; 1914, 36 , 248; Jti, lurd.s and ihuk, 1910, 32 , 431, Piiclnuds, Kow’e, and 

Bingpss, ibid., 1910, 32 , 117t> ; Richtrds ainilb'W'c, Antaeh, physilal, , 1913 ^ 84 , 5J6. 

■* For details »'e the works already quutcfl, a^id st»ndard j^-orks on lieat 

^ The delinition of the unit of heat is discuhsod on p. 86; ilic preci.se feinpeiviture at 
W'liich the calorie is defiffed docs not really miitlor as far as most thcrRiocheiiiica’^icsults art 
concerned, since they are not yet known with great piecisioti. 
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solutioi), the production of a solution of sodium chloride is Jittended ^ith 
- the evoKition of 13'7 Cals. If noeessarj, the precise amount of water used 
may be indicated, as in the following example : — 

[Zn] 4- 2HCl.ii00H/) - ZnCi;4()OH,0 + (H.) + 86*6 Cals. 

It is uMial to denote the state of aggregation of each substance, for which 
pur})osc, as indicated in the preceding exainples, tlio formiihe of solids are 
enclosed in square hra(;kets (or printed in heavy type) and those of gases in 
(.round l)rackets, liquids and solutions having no bniclvcts. This should always 
be done when ambiguity might otherwise arise. 

' Unless the contrary is stated, the difterences in intrinsic energies expressed 
in those equations hold good for the substances concerned'at 18“. This is so 
with the examples alreacly given. The heat of reaction varies with the tein- 
pQrature, for the intrinsic energies of the initial and final systems are increased 
by rise of tenqierature, but not, in general, at the same rate. If the heat of 
reaction at C. is equal to q, and the mean thermal capacities of the initial 
and final systems between and and respectively, then the heat 

of reaction at tf./ is obviously equal to </ + (,s^ - Should any change 

of state occur between /, and t.^, the latent heat of change of state must 
clearly be taken into consideration. ■> 

The (lifFcl'ence, cxpre.ssed in heat units, between the internal energy of 
the formula-weight in grams of a comjiound and the sum of tlic internal 
energies of its constituent elements in the free state is called the /^rai of 
formation of the compound. I’he heat of formation of the compound 
AjjByCj ... is tlierefore the thermal eflect q of the reaction 

■rA -f yB + :C + . . . . . . +yUals. ; 

for example, 

[(J] + 2[Sl-CS,-19*GUak 

In general, ruch e(juations do lU't represent reactions which can be directly 
effected, and their thermal valmcs are olitained indirectly by means of Hess’s 
Law. A compound is '.aid to be exothennic or endothermic according as q 
denotes heat evolution or heat absorption. Thus, carbon disulphide is 
eodothermic, its heat of formation being -fO G (.’als. 

The notation already explained is due to Ostwald, Thomsen’s method 
is shorter, but the states of aggregation are not indicated by it. The 
formiTue of the reacting substances are written down side by side and 
separated by commas; the whole is enclosed in a square bracket and the 
products of the reaction are not indicated.^ The preceding examples 
become 

[Zn, (:U] = G7 2 dais.; [ZndU, Aq]-dr)-G Cals.; 

[HCl.Aq., NaOlLAq.l = 18-7 Cals ; [Zn, 2liCl 200H„()] = 3(;-G Cals. ; 

[A", IV', . . .| = y; [C,S-’j- - Hl'GCals. 

‘ *■ a. 

Heats of Formation. — It has been alre&idy stated that heats of 
formation are usually obtained indirectly. Two shrjple examples must here 
suffice to illustrate the method ; the principle is the same even in the most 
complex calculations. 

. It not possible to determine dirrctl-y tlie heat of formation of carbon 


^ Forauotlier system of iiotatiou, see Bollok, Seventh Internat. Congress Jp}d. them,, ' 
190l>, Section X., p, 63. 
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monoxide, bnt tho desired result is rcudily deduced from tho following 
experimental data : — ^ 

1 0] + (Go) - (< ,) + Dti-Od ( . . . (i.) 

(C0) + (0) --.((^(g + OT-GT (Aik* . . . . (ir.) 

If the recpiired heat of formation of the monoxid*' h(‘ .r, ihen hy Hess’s 
Law (p. 1()*2), 

a- I- 67-67 “9(»96 

a;=2f^-21) t'ak 

• • I 

In fact, tho th^^rnuil 0 (iuafeions may be ^ubjeeded to tho usual akebraic 
processes, and the.dfwircd result follows immediately by subtracting (ii.) 
from (i.) : — 

[G] +-(()) -(CO) = 28-29 Cak 
or [C]f(0) = (CO) + 28-29 Cak 

Tho heat of formation of carbon disulphide, impossible to lutaouiu 
directly, follows easily from the following experimental data: — 

CS., + 3(( K) = (CO,,) + 2(S( )..) + 258-73 C.'uls. . (i.) 

[CJ + (04= (CU) ■ + 96-96 ('als. , (ii.) 

•2[S] + 2(04 = 2 (S 04 +142-16 ('als. . (hi.) 

Adding (ii.) and fiii.) and subtractiifg (i.) from the result, 

[C] + 2[S]-(JS.,= - 19-61 Cals. 
i.e. ^ [C'l + -['^] CS, -19 61 (dais. 

The prece<hng exam])les S('rve to illustr.ite anotlnu* })oint. When an 
eleiiKMil occurs in allotropi<*forms, or a compoiAid in more than one cry:^Lalline 
form, it is necessary to state which form is used, since tho various forms ditl'er 
in their intrinsic energies. Tho m.agnitudes of thc|e dil^i'renees are not 
dithcult to calculate; for inst.ance— „ 

r(n + (0.,) = (CO.,) + 96-96 Cals. 

ammplioub • 

[C] + ((.X>) = (C(g + 93-36 Cak . 

praphite ' *" 

subtracting [C] - [Cl = 3 6 (Ads. 

aniurplious giapiuto 

The pj^Gft^ling data refer to amorphous carbon and rhombic siiipiiur. 

The boats of formation of a largo number of compounds have been 
calculated.^ They are of great use, since they enable«lieats of reaction to be 
calculated. The simple rule is this : replact' ea^ch formula in tho chemical 
eiiuation by the heat of format itui of tho compound with the sign changed* 
For instc iico, take the reaction 

319)8' + 2Ar= A1,,S3 + 319) + .r Cals. 

The*lieats of formation of IM snlpliide and akiminium sulpliide are 18-3 Cals, 
and 122*4 Cals, respectively; of aluminum and lead, zero. Hence 

-3x18^3 + 0^ -122-4 + 0 
a; = 6f-o(>cik ' 

^ Tables of data are to be found in Ostwald, opus dl., TRomsen-Burke, opus at., etc. 
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If, instead of using the rule, tlio calculation is made in full, it is* as follows: — 
•Jf All + - 1 A1,S,1 1 ‘22t-d (dais. 

Subtracting 2[A1 1 -;i[Pb] - [AhS^] - .‘^[rbSl + GT-h Cals. 

i.e. . 3[l>bSj + 2[A1] = [Al^Sg] + 3[P1)] + (>7-5 Cals. 

Heats of Solution. — Whenti gram-molecule of a solute A is dissolved 
f.in a gram-molecules of water to foi;.m a saturated solution, the heat tone of 
the reaction 

' [A,aH,,0] = ,„ 

is called the inteffral heat of mint ion of A. If more 'sol vent than this be 
employed, say .rll ,0, the heat tone <i^ will be different, but as x is further and 
further increased, the value of q, approaches a limit, since the further dilution 
of an already ddute solution has very little thermal effect. This limiting 
value, the heat of dilute solution 7^^, 

[A,xH, 0] = r,„ 

is what is usually understood by the term Jient 0 / solution. , 

When tlifi- solution AadCO is diluted with an indefinitely large amount 
of water, the lu'at tt)ne of the reaction 

■ lA ), r/oH./J] - - q^ 

is called the of d tint Ion ol tlu; solution A. 'There is another heat 
of dilution, however, of imjiortance in the thermodynamical calculations, namely 
dqjdx, the heat change when one gram-molecule,, of waler is mixed with an 
indefinitely large (puintity of the solution Afll.>C. From what has been 
already sUited,^the Y'due of this heat of dilution approaches zero as x 
increases. ,, 

It is sometimes more convenient to express the heat cliang'es wlien a 
variable amount of the ijplute dissolves in one grani-^nolecnle of waiter, thus 

[U.fi,9jA]^q\ ’ ' 

where 3/ varies "from, 0 to the value b corresponding to a satn^.'ated solution. 
When this method of expressing results is employed, the thermodynamically 
impofeant heat of solution is that given by dq jdy — 

:j'C = [H,OyA,</yA]-:-,/y, 

and the value of this when , saturation is reached is denoted hf{dq'ldy)^ and 
called the UmUiwj heat of solution. It ''expresses the heat change that 
atter.ds the introduction of a gram-molccule of solute into an indefinitely 
large amount of s-jlution when a saturated solution is thereby formed. ^ 
e Some Thermochemical Results.— Very "few important theoretical 
conclusions have been deduced Al“rom thermocheinrsttt'y, despite the enormous 
amount of experimental data that has been accumulated. One or two 
important results may he noticed. 

‘ As* early as' 1840 Hess (p. 1^2)“ observed that when .dilute a(fueou8 


^ t or lalffes uf heats ofibolution, the woiks already cited must be consulted. 
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solutions of ^alts are iniKcd, there is practically no thornml chanj^o, provided 
that no } recipitation or gaseous evolution occurs This is called# the Law 
of Thernio-nculralitv of •sal*, solutions. For a, uuinher of salts, e.<j. the 
lialogeii salts of cadiniuru and mercury, ;i d( < v )t liold. A sim[)le c.v- 
planation of the law is given later (p. 220). 

The heats of solution of acids and ))ases in dilute a(pioous solution are of 
great interest. The following table contains a number of »i;^ < \perimental 
results ; — ^ • 


Reaftio^. 

• lloatof 
Xt'iUialisahon 

« 

II oat of • 

, Noulralbation. 




► 

'n I 

1 



llCl + NaOH . 

i 13 7 Cab. 

H(;l + LiO!l . 

.1 13 7 Cals, 

Hbrn-NaOII . 

1 

HCl + KOU . 

13 7 „ 

HNO, i NaOH. 

13-7 ,, 

iTCi-t-ir,a(Oii), 

. ! 13 8 

HIO. + NaOII . 

13-8 „ 

IK'lf U’a(01I)l 

. 1 13'i) ,, 


The substances mentione'l in this table belong to wh.'d are called the 
strong acids and bases (see (!hap, VI.), and from the results giviai, li is clear 
that, in dilut(» solution, the neutralisation of one gram-e(jui\alent of a strong 
acid by a strong base always produces the same thertiial®cliaiigt‘. This 
regularity no longer liolds when either the acids or the liases are, weak, as the 
accompanying ii^ures serve to show : — 


• 

ffouction. 

lb;at of 
Noiil lalisatioii. 

Kcat'iion. 

11 silt of 

Noll 1 lalisatioii. 


• 



irCUNILOH 

12'2 (’als. 

UI.CO, 1 NH,.01I . . 

8 iCals." 

lICl i NII,. OH 

,, 

•CSX tbafOllk . ^ . ! 

7-8 ,, 

HKfROll . 

lti‘3 „ 

ii.^s i NiLoir . ' 

6-2 „ 

Uim , NaOIl 

lOi ,, 

llCX + NaOH . . ‘ 

2-8 ,, 



• 

- 


(Considerable d'flerenees are hc,re noticed between the various values. The 
theoretical bearing of these results is given in (diap. Vl. * 

Thermocneinical measurements ha\e bciai'used in- stiuTying the basicity 
of acids and also their relative strengths. These applications also are 
mentioned in the same chaittcr. ‘ 

(’llEMlCAL AfFIN'ITY. 

The property of bodies in eonseipience of^wliieh tliey undergo elicmical 
change when brought into cout-fet with one aiiotln-r is called vhemiad affinity. 
Since the operation of chemical allinity is attended with the prodiUiiiLion of 
energy, chemical allinity may Tje n'gardcd aix)a force, faille is known of the 
nature of chemical athiiitv, and at present it is not possible to give ah accoiyit 
of* chemical change iA terms of the opeiuxtion §f definite physical forces. 
There are, however, good reasons for supposing that the chemical forces 
which hold togctlfcr the aton^ in a molecule have only a very short range of 
effective acti^m, tlieir intensity diuu^ishiijg \er^ rapid^ as the* distance 
between the atoms increases. • * 

Altliough the nature of chemical affinity is still dbscure, (jonsiderable 
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progress has been made in the study of its mode of operati(Vn. The laws 
which describe the influence of temperature, pressure, concentv.ition, etc., 
upon chemical change are fairly well understand, and are dealt with later in 
the present chapter. , 

The views on aflinity hold during the eighteenth century may be 
indicated by rehiremee to* the tables of aflinity, cotislructed originally by 
. Oeoflroy (17,18) and extended considerably by Bergmann.^ For eacli 
substance a table oh aflinity was cipistructed, in which other substances were 
arranpd in order of decreasing aflinity for the particular substance in 
»,quosti(m. The interpretation of clr3mical change ?.dopted in the construction 
of those tables was this : if a substance A reacts upon a sivb.stance BO with 
' the result that AB and C are produced, then the afliniCy of B for A is greater 
than the affinity of B for 0. 

Bergmann gave two tables of affinity fo^each substance, one “in the diy 
way” and the other “in the wet way,” since ho recognised that the results 
obtained in these two ways were sometimes different; and Stahl (1720) 
recognised cases in which the relative order of affinities was altered by 
temperature. Apart from this, however, it was supposed that the chemical 
affinity of a change depends simply upon the nature of the substances con- 
cerned, and that a change proceeds to completion in the direction of the 
stronger affinfly, e.(/. in the ca.se already mentioned, the stronger affinity of B 
for A overcomes the weaker affinik^ of B for C. 

The insufficiency of this vio\^4is recognised by Bertliollet,- who showed 
that, many chemical changes which at that time were sujijiosed to proceed 
exclusively in one direction could bo ri'versed, e <j. that although baryta and 
potassium sulphate react to produce barium sulphate and ])ota.sh, it is ])ossil)le 
tO' cause the two last-named substanc(‘s to react with the formation of the 
Substances first mentioned. B<Atholh;t ch'arly poiiUed out that tlu' direction 
in which a change proceeds depends not only upon the nature of tlio substances 
concornod, but a^o upcri their relative “ipiantities,” and regarded a chemical 
change that proceeds to completion as being an exceptional and notoi normal 
case. He did not succeed, however, in arriving a,t the correct estimate of 
chemical “ quantity,” andr since he also disputed tht validity of the law of 
fixed ratios (vide Chap. I.), his views met with little ’ sufijiort. Later the 
“ influence of mass ” w^as recognised by Kose,^ Afah guti,-^ Wilholmy,^ (Badstono,*^ 
Berthclot and P?an do St (htles,^ and others, but it was due largely to the 
' work of Gulclhergand Waage^ that this influonco received mathematical ex- 
pressioh; in their /ormulation of the Jmw of Mass Adion. In the subsequent 
development of the subject the application of the laws of thermod^ .s/mics 
has proved of the utmost value.^ ^ 


^ BerginHiin, De, Attr(u'lionilms*KlectiiVs{V\>9.'Ai\, 1775); English translation, 1785. 

2 Berthollet, Essai de Statique Chirnie (Pans, 1801-2) ; EngH'sli translation, 1804. 

3 Ri>se, Pofjg. Annalen, 1842, 55 , 415 ; 1851, 82 , 645 ; 1855, 04 , 481 ; 1855, oq, 96, 284. 

42^.. ‘ ' V f . 

^ * 5hija{;uti, Ann. (Jhim. P/u/s , 1857, (iii ), 51 , 328. *• 

f ® WihVlniy, /V/ 7 . Annalen, 1850, 81 , 413, 499. 

• ® Gladstone, Phil. Trans., 143 , 179 ; Trons. Chem. for., 1856, 9 , 54. 

<- Berthelot aud Pean de StGilles, Ann. Cldm. Phys.,'[8Q2, (iii.), 65 , 385 ; 66 , 5 ; 1863, 

, 68 , 225 , ^ ^ ' 

■ ® G Jberg and i’ltndes sur les affinilAs i^him-i^ms (Christiania, 1867) ; J. prakt. 

Chem., 1879, (ii.), 19 , dff 5 OstwrJd’s Kh(ssik»r, No. 104. '' 

® For arffacc^unt of tliC historical development of this part of tlnj subject, the reader is 
referred to tl;^ "Works cited on 1^9, » 
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The study* of ihcrnioehemistry is associated with wliat was, in cITect, a 
revival of tiie old view of allinily ns propounded by Ber^inann. hi 1854 
J. Thoinsi'u ^ put forward tfie principle that “every simple or complex efleet 
of a purely chemical nature is accoinpipiied by produ , .on of licat.” fiater, a 
similar “ law ” was enunciated by llcrthclot- under the name of the “/a?e oj 
mariniinn wo)},'.” It may be stated in the form that “every ciiernical change 
accomplished without the addition of ('xtcrnal cnerf>;y tends to tue formation 
of that body or system the production »f which is aifcompanied by the 
development of the maximum quantity of heat.” This so-called law cannot be 
accepted as a law of Nature* but only as aif approximate rule, for although it 
is true that at oi*dinary temperatures the majnrity of chemical changes that 
take place are exothe^iflic, yet at high temperatures endothermic bodies can 
be formed by the direct union of their elenumts, and further, it is imjiossible 
by this huv to account for the occurrmice of reversible reactions. 

In fact, the condition’'* that a physical or chemical change may take plate 
in an isolated system is not that an evolution of heat shall occur, Imt that the 
(niYoi>y of the system shall be thereby increased. When an isothermal 
change is considered, and not change in an isolated system, the necessary 
condition for change to proceed is that the thermodynamic* ])otential at 
constant volume shall bi; diminished by the process. 'Phis function, which h 
also know n as tne free encnjn of the system, is such that, in i^i isotherma 
change, the change in the free energy of the system measures the ma.ximun 
amount of w'ork that can be gained by the change {l.c. the w'ork gamed wdici 
the reaction proceeds isothermally in a thermodynamically reverstbh 
manner). The chang^i in free energy may therefore be looked upon as i 
measure of the work aceomjilished by the ebeniieal allinily’ opemtive ii 
producing the eli. ingot For the measurement pf chemical alhniiy in terms o 
free energy, howa'ver, thd*reader mus*' be referred to works on physica 
chemistry.^ 

CHKMfOAL FqUILIBUIUM.^ 

i • . 

Reversible Reactions. — Wlieu calcium carbonate is hcuted to { 
(constant) high temperaiure it decomposes into catcium oxide ami carlioi 
dioxide, and if the cap' riment is eli'ected in an open vessel the carlxiii dioxidi 
diffuses away into the air and c?fter a sutHcient h'ugth of tinicjLhe decomposi 
tion is complete. The ease is dillerent when the deeompo.sition is carried ou1 
in a. closed vessel so that the volatile product of the change eaniiot ^eape 
Under those conditions chemical, change proceeds as usual,* but eventually 
it eeasii^f^Tml in general** the cessation of chemical change sets in while then 


* Thonisen, fo</q. Jjina}c7if'l8C)4, 92 , 34. 

2 Beitlielot, opns. cit (p. 162); Compf. mid.* 1807, * 64 , 413; 1870, 71 , 303; Ann 
Chim. Phpfi., 1869, (iv.), 18 , .03. 

® Dcnvfld fioni tlieruK)dynanuc considcralions. « * 

* E.fj. Nernst, Theoretical Chemist^, ti.aiislatcd byiiTizard, 3id rltiglish edition (Mac 
millaii k Co., 1911) ; Apjdicatioris of nermodyn»niia> to Cheihisiry (Sciilnier & Soks, Nev 
York^ 1907) ; also Planck, Th^'modynamics^ Iran.slated by Oge (Longmans & Co.jvl903). 

® For a full account of the subjects discu''Scd in the Jcimunacr of this chajiter the readei 
is referred to the following works : Ncrn.st, T'/worc^z'ca/I C'Acmtii?’?/, translated by Tizanl, 3rc 
edition, 1911 ; Van’t Lectures Theoretical and Physical Chemistry, translated bj 
Lehfeldt (Arnold, 1899) ; Van’t Hoff and ColTbn, Shidies in Chemical l^^ftinmics, trimslutet 
by Ewan (Williams k Norgatc, 1896); Mellor, C^emic^l Stulfts and Dynamic (Longmans 
& Co,, 1904) ; and the wqfks cited on p. 177. , 

® Provided the quantity of carbonate taken Tloes not fall l^elow a certain miiiiuTbin. 
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is still present imcliangecl caRiium carbonate. The quantities of calcium 
carbonfvte, carbon dioxide, and calcium oxide present in the rystem then 
remain unchanji;cd and indo})endcnt of the tivne,*^ and a state of eiiuilihrimi 
is said to liave been ir.vduid. 

Tins result is explained wlien it is recalh'd that calcium oxide and carbon 
dioxide can unite to form cahnum carbonate, and accordingly do so as soon as 
they are juMduced by the decomjiosilion of calcium caibonate. Thus two 
changes go on, one of which ate. first partly, and ex’^entually wluilly, undoes 
the work of the other, and a stale of balance is at length reached. 

Chemical changes like tlie ^n’ceeding are tailed halaiiced or reversible 
reactions. Many decompositions are reversible, as li.as been already mentioned, 
and reversible decom{)()sition is known as dissociatidh^(‘p. 160). lleversible 
changes are freipiently encountered, Iiowover, in other types of chemical 
reactions. For instance, the change 

BiChj + H20^Bi0Cl + 2HC1 

is reversible. The continued addition of water to bismuth trichloride leads to 
the ])reeipiti^tion of more and more bismuth oxychloride until eventually 
the bismuth is practically all precipitat'd. On the other hand, the addition 
of mure and more h}droc.hloric acid to bismuth oxychloirle leads to the 
reverse clian'ge, the \\h(de of the oxychloride eventually passing into solution. 
The reaction 

L>.Sh( !1, + 3 1 1 .,S~- SI ),S3 + 6 1 1 Cl " 

furnishes another example. The })a8sage of hydrogen (Sulphide into a solution 
of antimony trichloride in dilute hydrochloric acid leads to precipitation of 
antimony trisulphide; but ^he last-named substanec passes into solution 
when warmed svith concentrated hydroeliloric acid',’ aiifl hydrogen sulphide is 
evolved. There arc, however, i^iaiiy reactions which apparently are not 
reversible, ^the dnion of aluminium and oxygen, the decomposition of 
ammoniundiiHrite into water afid nitiogeii, etc. • 

The solution of metals in a(;i<ls w'as at one time regarded as a type of 
irreversible reactions, Imt IpatiofVand Werchowsky^ ^showed in 1909 that by 
subjecting the aqueous solutions of certain metallic sit'lts to high pressures 
of hydrogen gas at slightl^-^ raised temperatures, the metalij could bo pre- 
cipitated out of sillution. Hence the apparent irreversible nature of such 
reactions as 

Zn-f IFSO.-ZnSO^-f IL 

under ordinary comlitions is attributable to the fact that one of the products, 
namely hydrogen, is removed from the si)here of action. • 

Chemical equilibrium, Ibke physical C(|uilibriiini, must be looked upon as 
dynanxic, and not arf static ctiuilibrium. 'Hie equilibrium between liquid and 
vai^ony at .constant tempi'rature, for instance, is looked upon as being the 
result of two chaftges which ai^* jiroceeding at, ecpiaj rates — vi/. the eva})oration 
* of liquid and the condensation of vapour, the one undoing the work of the 
other. Ill the same wn,3^, tw'o feactions are still to'^oe regarded as proceeding 
when a chemical equilibrium is ob, served and all change has apparently ceased, 
only J,he reactions proceed at equal^ rates <and are inutually antagonistic. 
f)uring the period prey^eding tht^ establishment of equilibrium, then, the 


Ipatief&and Wercliowisky Ber., 1909, 42 , 2078. 
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observ(id chaif^c must he attributed to the fact that the spcea ot lue initial 
(forward) cliaiige is greater than tliat. of the reverse change. As ti^ao goes 
on, however, the speed of t!.e forward change diminislies, or that of the 
reverse eiiange increases, or both of tjicse occur, an \ eventually t he forward 
and backward changes proceed at C(|ual rates. Since increase and decrease 
of speed on this view are associated with increase and deci'casc of concen- 
tration of the starting materials^ respectively, .some coiiiicctu,ii may natur- 
ally bo supposed to exist between tiu^ ijiite at which* a chemical change 
is proceeding at any moment and the concentration of the reacting 
materials at that moment* This conclufiion is ])orne out by experiment, as* 
will 1)0 seen latei*. 

The idea that ch^ifbcal equilibrium is dynamic was originally proposed by 
Williamson “ in his classic researches on etheritication, but its acceptance as 
an ade(piate interpretation of the nature of chemical eejuilibrium in general 
only came after the work of Clausius, Maxwell and others had led to 4ho 
development of the Kinetic Theory,. and tiiereby enabled a mental piidure to 
be drawn of the nature of (rhemical change. The application of the Kinetic 
Theory to tlie interpretation of the nature of chemical change was lir.st made 
by Pfaundler^ in 18G7. * 

Homogeijeous Systems; The Law of Chemical Equilibrium.— 
The homogeneous //u.seoas systems wdl be dealt with tirst. ^Suppose that 
71 .,, . . . molecules of the gaseous substances of molecular formuhe 

A, 11, (1 . . . r('sf*ectively react to ])roducc ?/q, w? „ . . molecules of the 

gaseous products of the formuhe P, (), Iv . . . 

jqA + y/q P -f wq,Q -f wCj K + . . . 

Then, at constant tftmporatnre, the relation^^iip between the concent i-al ions 
of the various substances coneerned in the eipiilibrium may l)e e\[)ressed in 
the following manner ; — „ 

j;Al“'x[li|"'x[(.')"'x. . . 

where a formida ei^cbscd in square brackets indicates the conceiilrfition of 
the substance of that fornyila when equilibrium is reached, and K is a 
constant, kiunvn as the e(/in'liJin'inii constant. ♦G’his cspiaticwi constitutes the 
law of chaniaiL eqnihhriunt. It can be deduced thei'iiiodyiiamically for a 
system couqu'ised of perfect gases, and may a,lso be *in’iY(‘(l from 
consic|je,v^tioiis based upon the kinetic lla'ory. 

llie meaning of the law may be explained by reference to one or two 
exanqdes. At temperatures above 1<S0“, hydrogel^ iodide Is observed to 
decompose i«to hydrogeu and iodine. Since at these tein[)craturos, hydrogen 
and iodine unite to foim hydrogen iodide , *1110 cffangc is^a reversible one— 

_ _ • 

^..c starting niaU‘nale*,l»)r the reverse cliauge. arc tlic^liiial jyrodiicts of the forwafli 
change, and the speed of a ehemieal reaction is nic.i^uied by the rale at whiell the starting 
materials disaiyjfear. 

“ AVillianison, AnJlahii, 1851, 37 ; Alunbn- Club Jb'prints, No. l(j. 

^ Pfaundler, Annalen, 1867, • 

■* Concentrations are usually ex[)re.ssed iii^gvani-molecftles per e.c. or j)er, litre. The 
concentrations are ohwiously proportional to the respective p.'^itial prcssuro.s of the 
substances. 
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' If, thon, li 3 ’^drogon iodide is maintained at a constant temperature above 180’, 
' s?iy at tilt! boilin|j:-point of sulphur (145"), in a closed vessel until \;quilibrium 
is established, the following relationship holds good: — 

[ie|xLy/|iii?=i<- 

An interesting result at once follows. If a, i, c denote the number of 
gram-inoleculOs of hydrogen, iodine and hydi’ogen iodide in the system at 
ecpiilibriuin, and V denotes the total volume, 

fFi,l=a/v, [iri]=../v, 

and the preeeding etpiation becomes 

ahje^^ - K. 

Expressing the result in Avords, the state of etjuilibrium is independent of the 
volume (and therefore (he pressure) of the system. That such is the ease 
has been shown ex[)ernm'nt:illy by llodenstein.' 

At the boiling-point of sulphur, Hodenstcin found that erpiilibrium Avas 
reached Avlien" 22 per cent, of hydrogen iodide Avas decomposi'd ; hence 
rt : : c : ; 1 1 : 1 1 : 78, and K = 0'01984. Tt is now possible to deduce 

beforehand the state of equilibrium attained Avhen hydrogeir and iodine are 
brought together in any ratio at the boiling-point cf sulphur. If for each 
gram-molecule of hydrogen taken, d gram-molecules of iodine are taken, and 
2e gram-molecules of hydrogen iodide are pi’oduccd before eipiilibriiim is 
reached, the amounts of hydrogen and iodine left uncombiiied are (1 - e) and 
(d-e) gram-molecules ri-spectively, and 

(I -c)^/--c)/(2(f = 0 01984. 

Hence, from tiie known value of (/,,the value of 2e may be calculated. The 
I’esults calculated in' this manner agree very well with those obtained 
experimenlall^v^sthe following numbers serve to show (Iktdenstcin, he. eit .) : — 


Hydrogen 

Taken. 

Iodine. 

Taken. 

Hydiogen Iodide 

ti - - 

Foiuid. Calculated., 

‘8 10 

2-94 

5*<54 

1 

5-66 

7-94 

f>-:40 

9-49 

9-52 

8 07 

9 27 

13 47 

13-34 

8T2 

14-44 

14-93 

14-8J 

8-02 ‘ 

27-53 

15 54 

15-40 c 

7 '89 

^33-10^^ 

15-40 

1 

15-12 

n 


For 6aoli experiment cited in the table, the vumbers given under hydrogen, 
iodine, and hydrogen iodide ar^ proportional to th^ initial concfuitrations of 
ihe first t wo substances and the equilibrium conq'Uitration of the third, (its 
initial coilcentration being zero).'' 

For the dissociation of nitrogen peroxide — 

' ^ ‘ , N.A^2N0,, « . 

^ ^ Bodensteia, Zeitsch. physikal. Chem.t 1897, 22, 1. 
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the condition of equilibrium at constant temperature is 

*[N0,]7[N,0,] = K. 

If, tlioii, a and b denote the numhi'j; of gram-moh *ulos of NO. and 
respectively w lion the system is in equilibrium, apd V denote.s the volume, 
the equation becomes 

02/6V-K. 

1 fence, in this case, the state of equilibrium varies with the volnined 
Clearly, if tlie volume is intreased, thiai u*must increase and h dinnnish in, 
order that the expression a^/bY shall remain constant; m uther \\ords, tho 
de<.^ree of dissociation nitrogen peroxide is increased hy increase of volume. 
Tho degree of dissociation may lie readily calculated from tho observed 
density of the system, and tho results obtained are in satisfactory accordance 
with the rc(|iurements of the law of chemical cipiilibriiim [vide sujnv, p. 14«l). 

Tlie dissociation of jihosjihorns pentaehlorido 

]»Cl,^-^l‘Cl.j + Cl.^ 

may lie similarly treated. The condition of ciinilihnum is that* 

[1-01,1 x[(Jl,]/[l>(!l]=.-K. 

Suppose, now, tliat into the system (in cqiiilihrium) an excess of chlorine is 
introducaid and tUc system brought to its original volume The result is 
easy to foretell. Since [Cl,] has been increased, it is clear that the only *vay 
in which the expression on the left-hand side of tlie latter equation can 
maintain its former value is for [PCl^J to diminish and [ICI J to increase.'-^ 
The general result wliicli this illustrates may be expressed in words as 
follows: —The, clryree of d^mc/dfton of q subslnnre is diminished bt/ increasing 
the coneentrat ion, of one of the. products of dissociation. • 

. Passing from gaseous systmns to tlic eonsideratitin of» etjuilihrium in 
liquid solnitions, it may be stated that the same law of eliemi^il»et|uilibrium 
holds good for these equilibria as bolds for gaseous equilibria, jirovided that 
the osmotic pressure of each of the substances partrtipating iti the c([uilibria 
follows the laws of^Bbyle and Cay-Cussae. The therinodynaime ])rouf was 
given by Van’t Ifoll,^ and tlie QT.stnctions under which the [iroof holds^good 
limit the exact application of tho law of ehehiical equililTrimn to dilute 
solutions.^ 

As an example, the dissociation of nitrogen peroxide im^y be referred to 
again.,' This change occurs not only in the gaseous state, but also when the 
peroxide 1-4 dissolved in a solvent upon which it has no chemical action. 
From rneasnreiiu:iits of the degree of dissociation of th? peroxidi; in cjiloroform 
solutions of Varying coifta'iitration,'' it has beq^i shown'' that tho law of 
chemical equilibrium sa^ isfactorify expresses the resiilU. 

Heterogeneous Systems; Extension of Law of^Chenjical 
Eejuilibrium. — It is possible tc? extend the V,iw of ehcitii^al eipiilibrium to 


^ This is the ca.so w-hcnevei- tlie change leads to an alteration in tlie total number of 
molecules present. 

“ Increase 111 one oT ihe.se conci^itr.itioi^a necessitates a decrease in the other, from 
chemical eonsidci|itions. * • * * * 

^ Yan’t HotT, K. Svenska Vct.-Akad, Hanot., 1885, 2 i,^ 8 ; Zetlsck. pkpn/oil, C/tcm., , 
1887, I, 481 ; Tliil. Magp, 1888, [v.], 26 , 81. * Cf. Chap. VI. 

Cuudall, Trans. Ghevi. Soc., 1891, 59 , lo76. ® Qistwuld, ibid., 1892, ffl, 242. 
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the liquid aud gaseous phases of heterogeneous systems. For example, 
OODsidei*’ the reaction ^ 

CaC(L— Ca0 + (!0, ' 

S ' 

taking place at constant temperature in a closed vessel. The system consists 
of two solid phases aud a gaseous phase. Now every solid may be regarded 
as posscssingva vapour pressure (sublimation pressure, vide p. 46 although 
it may be too smallto admit of ev.perimental determination, and at constant 
temperature the vapour will be in e(piilibrium with the solid at a definite 
'pressure, which cannot vary so lun^ as solid ])has‘e is present. Accordingly, 
in the equilibrium equation for the gaseous phase — 

H'uCO^] 

Ci 

the concentrations [CaO] and [baC-O,^], which ie{)rcseiit concentrations of 
saturated vapours at constant temperature, are constant (piantities. The 
equation therefore reduces to 

[(.!( ).,] = constant. 

In other woi^ls, to each temperature there corresponds a detinite partial 
pressure (or concentration) of carbon dioxide at which 'die gas is in equilibrium 
with the two solid phases. This pressure is practically identical with the 
tota*! pressure of the gaseous phase, and is called the dismeiation imsmre. 

From the preceding discussion it is easy to see that^ the following general 
rule may be stated for arriving at the condition of cipiilibrium in a heterO' 
geneous system of solid and gaseous phases at constant -temperature. VVh’ite 
down the left hand side of the eipiiliUnum equatiolt given on p. 171, omitting 
all factors that refer to substances present as solid phases ; the expression so 
obtained has avconstfint value. For instance, the dissociation of solid 
ammonium hyirosulphidc *■ 

, NnjHS^Nll3+IFS . 

leads lo the condition of equilibrium 

[X'll.^] . [ IF,S] constant, 

which hus been shown experimentally to be the ease.^ 

Equilibrium in other heterogeneous systems can be discussed in ^^anner 
similar to the above." ^ 

Heterogeneous Systems: the Phase Rule.— The conditions of 
equilibrium in a heterogeneous system maybe expressed in a manner, quite 
independent of the atomic and nlolecular theories ^by means of the Phase 
Mule. This rule, which applies to both chemical and physical equilibria, 
was ^educecF’theripolynamically by Willard ('libbs in 1874,^ but its practit;al 
applications were first made by Roozeboom. ' 

** The equilibrium in a, system^ is described by i!*r Phase Rule in tcrm% of 
the number of phases, components, and degrees of freedom of the system. 


* Isambert, Compt. rend., 1^81, 924*919* 1881, ^ 93 * 731 ; 1882, 94, 9.58» 

® 8eo NeiiAt, Tin’ordintl Chennsiry, translated by Tizard, (Maciiiillan & Co,, 3id 
edition, 19pl), Hook 111., chap. hi. # ' 

* Willard Gibbs, Trans. Uonficelicut daul., 1875-8, 2 and 3 . 
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The meaning of the term j)has€ has already been given (p. 6) and is easy 
to imdcrstaitd. It is ratlier more diftieidt to understand tlie moifiiing of 
the term “eomponent,” sfticc by the components e " not understood the 
constituents of a system. It may b(i said at once unat the cf*ni])onents of 
a system may bo chosen in more than one way, but it is only their number 
that is of importance. . The number of nnnponenfft of a .systen! ie. the least 
number of constituents, the (piantilies of whicli are independf'hf ly variable, 
in terms of \\hi(‘h the com])osition of eacB ])liase may be expressed. ^ For 
exam])lc, consider a saturaterl solution of sodium sulpliate in e(|iiilibrium , 
with vapour and the solid Secahydrale Ka^SO^. The number of com-*^ 

ponents is two. * The anliydrous salt Na .SO^ and water may bo chof^en, 
since the amounts those substances in the sysUmi are independently 
variable. In terms of these substances the comjiosition of each ])hasG 
may bo expi’essed. Tlie solid phase is Na.SO, + 101 1 ,(), the li<piid phase 
Na^SOj + rll,/), and the gascsius phase, 0Xa^S( ), + I ) (zero and negative 
amounts are }>ermissible when expressing the composition of a pliase in 
terms of the components). 

The Pliase Itule applii's to systimis in which e(piilibnum, is dependent 
only upon the variables (i.) temperature, (ii.) pressure, and (ni.) composition 
of the phases. tThe least numlierof these variables which must be arbitrarily 
fixed in order tliat the condition of a system may be jierfeerty defined, is 
called the number of cfe;/reeK of freedom of the system. For instance, take 
the system watef in contact witli its vapour. If the temperature is 
arbitrarily chosen to have a certain value, the system is perfectly defined. 
Kquilibrium is then jiossiblc only at a certain jiressure, detcrmiiKHl by the 
system itself, either evajioration of water or coiuhmsation of vatioiir occurring 
until this pressure, tlfc Ya,pj)ur jiressure of wilier at the particular tempera- 
ture chosen, is reached. Hence the system has one degree^ of freedom. 
Systems with 0, 1, 2 . . . etc., degrees U/ freedom are saidjto be /aeuiv’aoif, 
'uniroi'iauf^ blvarlont. . . . etc.” ^ 

Th(' /7/usr Rule states the condition of *e(piilibrium in uf^ieterogeneous 
system as follows ; ~ 

P4-F = tl + 2, 

'» ^ 

where P = number of phases, F=^ number of^ ilegree.s of, freedom, and 
C = num}»er of comjionents of the s\stem. 

The application to systems of one component may be briefly oy_|;lined. 
Here each jiliase has the same chemical composition, and rieiico change of 
comjiq^buo’n does not enter into the discussion. Two jihascs in eiiuilibrium 
constitute « univariant systi'in, and hence if either the temperature or the 
Jiressure be arbitrarily maintained at a constant value there will be a 
corresponding value of the other variable f<^’ the system to be in e(piilibrium. 
both values cannot be Hiitraiil^' chosen: one being dioscn arbitraiily by 
the experimenter, the ajijirojiriate value of the other is chosen by |thc i^ystcm, 
so bo sjieak. Thus, in the system li^pdd -■ rupour, convifpouding ty ofech 
temperature chosen there is a definite pi'cssiire, characterised by the* 
jiarticular system under investigation, at w4iich eifiiilibrium oceuTs. This 
is the vajiour pressure of the liquid (see ji. 31), For tlie system ^olid- vapour 
in equilibrium,, therS is likew'isc*a definite equilibrium jiressure corresjjpndiijg 
to each tempemture, viz. the sublimatioji j)r«ssiire,(see p. l6). ^In the case 

• 

^ Trevor, ibid , 1902, 6 , 136, 


* See Trevor, J. rhysical Chem., 1896, l, 22. 
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.of the system solid - liquid^ the interpretation is that the temperature of 
>qttilibr?i.im, or melting-point of the solid, varies with the pressure \sco p. 43). 
It is further possible for systems solid - solid\o oeeur, c.<j. rhombic sulphur- 
monoelinic sulphur, Wiieh are in equilibrium at tlie transition-point 
(see p. 69). The system .being univariant, the transitionqjoint must vary 
with the pressure. 

When thfee phases are present in equilibrium, the system is jnvariant. 
Accordingly the equilibrium is ohly observed when the temperature and 
, pressure possess certain fixed values, detined by the system itself. That 
'is to say, the values may be ex perhnen tally determined, but neither of them 
can bo arbitrarily selected. Such a system is said to^ be at the point, 
and the equilibrium temperature and pn'ssure are rcf(i»^.'red to as the triple 
point temperature and pressure respectively. The three lyhiino^ solid-liquid- 
^vw^our arc in equilibrium at the triple point in the case of a substance that 
forms only one solid phase and one liquid phase. On a pressure-teniporature 
diagram the conditions of etpiilibrium in univariant systems are re])rescnted 
by curves, as, for example, the sublimation curve and the vapour pressure 
curve. The triple point in the system solid - liquid-vapour is represented by 
the point of intersection of these two curves (see p. 47). 

Other invariant systems are [K)ssiblc, such as solid phase <1 - solid 2 >hosG 
B - vapour f vd.iow the .substance is polymorphic, and with substances which 
exist in two liquid phases (liquid crystals), invariant systems such as liquid 
phase A - liquid qdmse B - va//our are po.ssible.^ " 

' Tlio systems of which sodium suliihate and water are the components 
furnish simple e.xanqdcs of two component systems. ♦Since a single phase 
in a two-cornponent system has three degrees of freedom, the composition of 
a solution of sodium sulpliate«does not possess f\^_detiri*itc value even when 
both temperature and pressure are fiacd, but may bo varied at will between 
certain limits. When, however, (another phase i.s also present, say tho 
dccahydrate Na'^SO.^.fUll.^O, the system has only two degrees of freedom, 
and having fix^i tho value of the pressure, the state of the system*.<! 0 (^w^i'oa - 
decahydrafe is fixed as soon as either the temper.iture or the composition of 
the solution is specified. * Wluui the temperature is gi^vcn, there is only one 
compijsition of solution for tho system to bo in eipiilibriifm, and, conversely, 
if the compositvin of the sobitiun be defined, {hero is only one temperature 
at which this .solution can exist in eipiilibrium with the dccahydrate. Such 
a solutk'u is said^ to be .saturated at the particular temperature and pressure 
in question, and it is therefore seen from this exanqile that the term 
“.saturated solution” only acquires a definite meaning when the "ntTCure of 
the solid phase in cojitact w'ith the solution is specified. has been 
previously remarked (p. 110), at a definite pressure giiid tempciyituro mid in 
the absence of the solid phasi, a soJution maj contain more sodium surphato 
that the solution in ‘equilibrium with the solid pli'ise, the solution being 
termld.“8upersatuvjited.” Yet a solution supersaturated with respect „to 
the hec^livdrate ihay still bo ihisaturatcd with respect to the heptahydrate 

f^a^SO^.TfJoO. ^ 0 . :■ 

When' sodium suljihate dccahydrate is heated to 32 4“ it decomposes into 
anhydrous salt and water-— ^ , 

• ' » ^hl,S0^.10H2<5^^Vo()^-}-101^.p, , 


*1 F,*r ihfi latter, see^Hulett, Zeitsch. physikal. Chem., 1899, 28 , 629. 
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and during tKe change the teinporature remains c()ii»tiiuL. xuio m «jjat] 
would bo expected from the Thiise Jlule. Tlie system decahydrate - (ii$hydnm& 
s(dt -- saturated solution is univariant, and hence at a deiinite pressure 
arbitrarily chosen (atmosplienc as a^riilo) equilibii^.iij occurs only at one 
particular temperature and with the solution at one [larticular cuncentiation. 
This timis if, ion-point, ho\\ever, varies with the pressure. ddio system 
decahydratc - anhydrous salt - solution-vajunir is invariant, and c an oidy o.vist 
therefore at lixed values of temperature ai«l pressure, dclfined by the system 
itself, and not capalile of lieing arbitrarily selected. 

The fact that the solubility curve of* sodium sulphate consists of two’ 
[)arts, intersecting at a sharp angle, is easy to understand from the ju'cceding 
discussion. The twojjJirts of the curve represent conditions of eiiuilibrmm 
in the two systems deadiydrdte - solution and anhydrous salt - solution re- 
spectively, at atmospheric pressure, and intersect at a point which gives the ^ 
equilibrium temperature and composition for the system decahydrafU - 
anhydrous salt ~ solution at atmosplu'ric pressun'. 

In the light of the Phase Rule, the dissociation of calcium carbonate is 
easily discussed. The dissociating system is one of two components and 
three phases (two solid, one gaseous), and hence is univaiTant. At any 
temperature a^’bitrarily chosen, therefore, equilibrium obtains at one 
particular pressure only. The result thus deduced agrees with that 
previously arrived at in'another way (p. 174). 

{^)nsideratiou?# of space prevent a more d(daile<l account of iipplica- 
tions of the Phase Pub' from being given, and reference must th(U‘efore 

be made to the t(^xtd)ooks^ for further information. Owing to the < 

rather abstract nature of the subject, however, an example; may be 
given to illustrate the manner in wdiich tlie^JMiase iiule proves of service 
to the chemist. •* 7 

It wais discovered by WeyP'^ that sodiiqu and potassium disSolve in litpiid 
.aninionia, forming very remarkable solutions. When tlilute^they are blue; 
the coiiceid rated solutions exhibit inetalliif reflection and appear bronze- 
coloured and opaijue. In studying these solutions, .loannis^ considered that 
he had isolated the M)hd impounds NaNU 3 and from them. Prietly, 

he observed that, *it constant temperature, the pressure in the system 

solution^- vapour fell as amn.onia was withdrawn, until a^solid was pre- 
cipitated. Tins solid appeared bronze-coloured by retfection. Tln'reafter, 
although ammonia was continuously withdrawn from the syst^n, the 
equilibrium pressure remained constant, until only the system /Vea metal - 
amino^ '.. pis was left. The free metal appears wliite by reflection. Joannis 
explained ^he results as follows. The pressure remains constant at the 
vapour pressure of the saturated solution from the Rmmont that the com- 
pound is precipitated untfl tlm continued wdthdrgwal of ammonia causes the 
phase to disappear. Thtf compound then dissociates into metal and 

ammonia at a constant dissociation pressure, which is c^ual to the pa/fmur 
pressure of the saturated solution, aud hence only one eipfilibrium p^’csSure 
is observed in the experiment. 


^ liaiicioft, The Fli9.se Hide ((>ji»icll b'uivtasity, Now Yuik, isaf)); Kouzrbconi, Di 
heUrotjenen Qlcichacwichte vom Standfum' fc^rr Phascnlchre (Bimiswitk, UtOf); fiiulla^, 
The I'huse Rule and ^Is Ap/ihcalwas (bnnginaii.s^ Cu.l Jini edition, 191 1 j. 

“ Weyl, PoiKj Anmltyt, 1864, I2I, 601. 

Joaiiriis, Vompl. rend., 1880, 109, 000. 
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; * “Koozebooin^ pointed out that tho assumption made by^ Joannis with^ 
regard to pressures was unnecessary, since an explanation was supplied by 
tho Phase Kule. The system compound - metal - solution - vapour \vo\\\di be' 
invariant (2 componentiS, 4 phases), apd only exists at a single temperature 
and pressure. At this ii^variaiit-point temperature, the univariant systems * 
. compound ~ solvtion - vapour and compound -metal -vapour \iov\di have the 
same equilib^rium pressures. Hence Koozoboom suggested that Joannis had 
carried out his experiments in each case at the invariant point temperature. 
Joannis showed, however, that the phenomena he described were noticed at 
a series of different iempn-atures. This proves '• conclusively that no solid 
compounds arc precipitated, only one solid phase ever buing present, and. 
that being, as was clearly seen towards the end of an experiment, the metal 
itself. In short, the divariant system solution - vapour Q\\\\h‘\i%y at constant 
temperature, a variation of vapour pressure with variation of composition of 
sdiution. With the precipitation of metal, a univariant system metal - solu- 
tion - vapour is obtained, and accordingly at constant temperature the system 
exhibits a constant vapour pressure during the withdrawal of ammonia until 
the i)haso solution disappears and the divariant system metal -gas is left 
behind" The “bronze-coloured compounds” are merely free metal covered 
with a layer of saturat'd solution, the surface tension between solution and 
metal being -.I'xtraordinarily great. It has, in fact, been clearly shown that 
w'heii the system contains considerably less than one gram-molecule of 
ammonia to one gram atom of sodium the li(piid phase is still present.^ 

Displacement of Equilibrium.— When a system is in eipiilibrium, 
and one of the factors of e<|uilibrium (temperature, ])i;essure, etc.) is altered, 
the state of e(]uilibriam is disturbed and change occurs in the system. For 
instance, in the case of tlie system CaCO^- CaO - which at a definite 
temperature is in ecjuilibrium at one. particular pressure, if the temperature 
or the pressure be altered, then,, according to circumstances, either more 
carbonate dissociates br else combination of its products of dissociation pro-> 
ceeds to shm ^ extent; and ili thi.s instance, if either of the factors of 
equilibrium is made to assume permanently a now value while the other is 
kept fixed at the original eciuilibrium value, the change within the system 
continues until one of the phases disappears. A new .date of equilibrium 
can, however, |{0 establi.she(\ if tho second factor of eijuilibrium be likewise 
allowed to change. In the case of an invariant system it is, of course, 
impo.s^vble to alter permanently any one of the factors of equilibrium without 
causing the disappearance of at least one phase, since there is but one set of 
conditions under which equilibrium is po.ssiblo. v, 

The direction in which change proceeds when a system in equifibrium has 
one of the factors of equilibrium altered may be predicted by the application 
of Le Chatelier's Theorem d This,, is stated by Ostwa'ld in the following form 
If a syste 7 n in c<jtdl,il/rium is suhjeefed to a Constraint by v'hivh the equilibrium 
is skiff ed, ^ reaction, takes place irhich op]>ose§ the (^anstrarnt^ i.e. one by which 
its effect is partially destroyed, Bancroft’s staten\ent is that any change in 
Ktthe factors of equilibrium from outside is followed^ by a reverse change within 


’ Roozebooiii, Coinpt. rend., 1890, IIO, 134. 

Rail’ and Geisel, JJc7'., 1906, 39 , 828 ; Kraus, JSAmcr Clum.' Sor., 1908, 30 , 663. 

‘ ^ For the necessary modification,, of the Ralo wlien a))i)lied to divided systems 

c.g. colloid Si .see Tolnun, J. Amer. Chcni. Hoc., 1913, 35 , 307, 'i\1\ cf, Pavlow, Zedsch.: 
phi/sikal Clinn., 1910, 75 , 48. ^ 

* Lo 6 hatelicr, Cojiijft. rend,, 1884, 99 , 786 ; Biauii, Wicd. Annalen, 1888, 33 , 387. 
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tne system. I'o continue with the illustration already chosen, suppose that 
heat is supjjlicd to the system an<l its tempemtiire thereby raised? The 
change that occurs must efther be tlio dissociation - the re formation of 
calcium carbonate, and according to th^ theorem qiiok.^d that cliungc occurs 
which absorbs heat, viz. the dissociation of the carbonate. On (lie other hand, 
if at constant temperature the pressure upon the system is incre 'od, change 
proceeds, according to the theorem, in the direction whicji dirnhiishes pres- 
sure, i.e. in the direction associated with conft-action in volume. Accordingly, 
the quantity of carbonate increases at the expense of the quicklime and 
carbon dioxide until the pressure of the latA;r falls to that of the dissociation ^ 
pressure. • 

Again, consider tb,o system solid - liquid in oquilibnuin at a definite 
temptu'ature and pressure. An increase of pressure favours transformation 
into the phase possessing the smaller specific volume. Hence either li(jui^ , 
freezes or solid melts according as the solid ex})ands or contracts on melting. 
The first is the more usual case, and the process of freezing being jissociated 
with an evolution of heat, equilibrium will bo re-established at a higher 
temperature than before, i.e. the melting-point, is raised b}.; increase of 
pressure. The second case is tviafied by ice, bismuth, gallium, a number 
of other substaiiios, and the melting-point is lowered by increase of pressure. 

In a similar manner the theorem may be employed to dectuce that, at 
constiiut temperature, the solubility of a salt in a liquid is incH'ased or 
diminished by inci^ase of [iressure according as the process of solution is 
attended by contraction or expansion ; and that, at constant jiressure, tlie 
soluliility is increased (jr decreased by rise of temperature according as the 
limiting heat of solution {vide p. 106) is ni'gativc or positive, i.e. represents 
absorption or evolutioil of he^at respectively. • 

Applied to chemical systems, the general result is obtained that (i.) at 
constant pressure, rise of temperature favours the cham^e that occurs with 
absorption of heat, and that (ii.) at constant temperatun^ increase of pressure 
promotes tlic change that is associated with Tiiminutioii in v(>funie. Thus, 
considering the change 

N20,:^2N()2 

which occurs in the direction — with heat absorption, it foljows that the 
degree of dissociation of nitrogen peroxide is increased by a vise of temjicrature 
and diminished by an increase of pressure. ^ 

It is easy to see, from the fact that endothermic reactions are promoted 
by riso^'if' temperature, wdiy such endothermic compounds as carbon disul- 
phide, nitricgoxide, acetylene, etc., sliould be produced at high temperature^ 
by the direct union of their elements, although at oTdiiiary temperatures 
these sabstandes are unstTible. The production *of ozone from oxygen at 
extremely high temperatures^ is* also accounted for, tlie reaction being 
strongly eiidotliennic. t ^ ^ • 

Ifi order to predict quaniiiativefy the extent o5 di.splaccmcift of eipiililyinm, 
it is necessary to have recourse to tlio second law of thcrniodynainics. The « 
most useful deduction from fhis law- for the present j^irposc is the ilioorcni, . 
which may be stated verbally in the follow ing way - : — The latent heat of e.iqmn- - 
sion of a system is e<fual to the f)7’oduct of the absolute iemperafure ai^l ih^ 

' ^ • 

^ Fisclftrand Braehinar, 1906, 39 910. 

The theorem is cxinosscd mutheiiuitieall^ later on. 



180 > MODERN' INOIRGANIO CHEMISTRV. 

increment of pressure per deyrce of tejiijurature at constant volume} The 
applicJiVion of this theoroni to systems composed of perfect gases!’ enables the 
connection between displacement of eqnilibriidn dod cliange of temperature to 
be mathematically foi^i^ulated. The relationship is as follows : — 




3^ 

‘JT-’ 


where K is the e(]nilibriiim constant (defined by the equation on p. 171) for 
the system at the absolute temperature T, and measured in gram-calories, 
is tlie heat of reaction at constant volume for the forward change {i.e. the 
change from left to right In the etjuation on p. ,171). ’ This differential 
equation was deduced by Van’t Hoff^ Its ap])licat!^on may be extended 
to dilute solutions, and, by deriving the value of K in accordance with 
t}m rule previously stated (p. 174), to the fluid phases of heterogeneous 
systems also. 

On the assumption that Q docs not vary with the temperature, the 
equation may bo readdy intt'grated, giving 


log, 


K., 





where and Kg are the values of K at the tcuupe’.’atures Tj and To respec- 
tively, The assumption reqtnres that the two temperatjires shall be fairly 
clese together. Hence it becomes })ossd)le to calculate heats of reaction from 
measurements of e(]uilibriuni constants, and conver^elv, from tli(‘rmochcmical 
data to deduce the innuence of temperature upon chemical iMjuilibrium 

The applications of the preceding e(iua,tions arc dealt with in works on 
physical chemistry. As a simple illustration, the change 


Nib. 

may be cof\si',b're(l. If the ammonia, and hydrogen sul[)hido are present in 
equivalent amounts, the condition of equilibrium (vide p. 174) is 

[NII,].[ir,S] = K[NII,r. , 

Denoting the partial pressure of the ammonhltby />, the relationship 




KT 


follows from the gas laws ; and hence 


2\T.3 


. 2 log, 

From this cfpiatioif and Isambert’s data,^ '■ " 

when ' ' T„ --^298’D, p.g — mm., 

T; = 282-r,^q= 87*5 nfni., 


^ Maxwell, Theory of Heuf, lOth edilion {Loiigiiiaiis & Co., 1891); Lohfeldt, Physieah 
Clvrrdsh'n (Arnold, i899), p. 146 The tlieoroiiiMs sonietime8"refeired to as Maxwell’s 
^bliird IhermodynaVnic relationship. *» , 

' Van’t«Hofr, K. Svcnshi Vet.-Jlaf. Ifan/U., 1885, 2i, 38; Zcitsch, iiliysikid. CAm., 
1887, I, 481. 

® Isaliibert, Cuvx^it. m/c?.,tl 881 , 92, 9 lf). 
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It is easily calculated that Q is equal to -21,400 cals. The experimental 
' value for 1), ilio lioat of suhlimation of ammonium hydn/siilpliide at constant 
volume, is })et\veen - 21,G4(f and - 21,8 40 cals.^ 

The application of the thermodyiianjiic thcoivni loivyidy (pioted (p. 179) to 
heterogeneous equilibrium is simple, and it is of great use in dealing with the 
passage of matter from one phase to another. If L denotes the heat (measured 
ill units of energy) absorbed when at the absolute temperature T a delinito 
quautity of matter passes from one phase It) another, and at constant tem- 
perature the increase in volume associated with the process is tin, the theorem 
becomes 



where the right-hand side denotes the rate of increase of pressure upon the 
system with rise of temperature at constant volume, • 

This equation may be applied to the solution of such problems as tlie 
change of melting-points and transition -points with pressure, change of vapour 
pressure with temperature, change of solubility with temperature and pres- 
sure, etc. For example, at a pressure of I atmos[)hore ice niclts at 27iF. 
One gram of ic(^ 80 ciilories, t.r. 80 x 41*8 x 1(V’ ergs on melting, and 

the increase in volume is - 0 0908 c c , / c. there is a contraction v Hence, 

V/; 80 X 4.1-8 xHF , 

'■ =. --- = - Idf) x 10'" dvnes per sii. cm Tier degree 

dT 27;i x -0908 .111 

^ = - 13;’, atmospheres per degree. 

That is to say, an increase of pressure lowers the melting ])oint of ice, but 
only by O-OOTh' per almosjdtt're. ' 

lO'om the [ireceding example it will be seen that the intlueiuw.' of pressure 
ypon the e(piilil)rium is very small. This is a general ch^ractcvstic of systems ’ 
from wliich the vapour i)haso is absiait Simh systems are called condensed 
sj/stenis, and it will be seen that transition-points, i.e. ocjuilihrium temperatures 
in condensed systems, niAst be practically identical with invariiint point 
temperatures; for iq,st .,ncc, the triple-point temperature for the system ice- 
water - vapour -0-0075“ C,. the transition-[)oint, i.e, the melting-jfiint, 
being 0“ (J. • ' 

Rate ok (Juemical Change. 

HcTnOgeneous Systems. — lu dealing with velocity OJ reaction it is no 
longer possiJjle to apply directly the princijiles of thermodynamics to the 
study of the subject. In seeking experimentally th?^ connection between 
rate of change and concentration of the rgicting substances, however, help 
is alTorded indirectly if it be recoflected that the law tlms arrived at should 
be capable, on the dynamic view of chemical equilibrium, of lendjng J;o*the 
law of chemical equilibrium (p. ITI), which h 'S^n thcrmodyuiamic basis. ^ 

Fpr homogeneous systems, such as gaseous systems at not too great « 
pressures, and dilute solutionis, the experimen4al law %’hich dcscribes'*velocity 
of reaction is tlic Law of Mass Action^ which may be stated thus : — 

At constant tempel'atnre the 'Rite, af^which a chemical change is proceeding 


^ This extiniple is taktn from Vaii't Hoft uiu (Joheii, studies in ^Chemical l^namics, 
- translated by Ewan (Williams k Norgate, 1896), • 



at any moment is proportional to the concentration^ at that moment, of each 
molecule of each substance takiny jmrt in the chamje, i.e. propoHional to the 
product of these concentrations. '• 

“ Uate of change ’'^or “ velocity of reaction” signifies the rate at which the 
initial substances are disappearing, or, what is the same thing, the rate at 
which tlie prfxlncts of the change are accumulating ; and it may be measured 
by the dimmution of concentration of any one of the reacting substances per 
unit of time. Since the ooncentiations of the initial substances continuously 
diminish, the rate of change likewise continuously decreases ; hence the 
working out of experimental resdts gonccrning ’'rates of change involves the 
use of the calculus.^ 

Consider the reaction ^ „ 

OT^A + m^,B-f- 7 a 3 C+ . . . + W2Q + 71311+ . . . 

r^enoting the concentrations - of A, B, . . ., at a time t after the com- 
mencement of the reaction by C^, (Jr, . . the velocity v of the forward 
change at that moment must be given by 

V - k . C^^’"‘ . C, 

where k denotes a constant called the velocity constant, tue magnitude of 
which de[)ei‘lds upon the units of lime and volugie ciiosen, and on the 
temperature. Simdarly the velocity r of the reverse cliange is given Ijy 

vdiere // is the velocity constant for this reaction. At the time t, then, the 
observed rate of change will be {v -v) in the forward direction. If the 
time t lui[)pens to be the tiUm reciuired for e(pvdibrium to be reached, then 
at that moment, and subsequontly, v~- v, i.e. 



The law of mass action is thus in harmony with tlic law of chemical 
equilibrium, and indicates that the equilibrium eonstaot K (p. 171) is to bo 
regarded as tlpj ratio of twp velocity constantil. 

The siui[)lest type of change is an irreversible change in which only one 
molecplar species is concerned and only one molecule is involved in the 
change. Tlie rate of change is then expressed by 


where C denotes the concentratioii of the initial substance at any time t from 
the start. Idie integration of this eijuation gives 

— log.o 


^ The reader desirous of familiarising himself with higher mathematics so far as is 
* rfecessrffy to the study of physical chernistVy may be recommended ^to Mellor, Higher 
^athematiesy'or Students of Vheinistry anH Physics (Longmans & Co., 2nd edition, 1906), or 
Ifibjf.ington, Higher l^faihematies for Chemical Students (Methuen c 191 1 ). 

® itn ^tram-molecules per unit of volume, iis usual. 







C(j denoting tFie initial concentration. A method of expressing the result of, 
integratioh- which is sometimes preferahlo to tlio preceding is as folhj^vs ; — ^ 


k=~- 


2‘:U)3 


'»«i( 


and Co denoting the concentrations at times and respf'rrivoly. 

If, then, the concentration can be measured at various intervals of time 
from the start, simultaneous values of and t can Co inserted in theso^, 
e(juations, and a series of values of k deduced. These values should be^ 
e(pial, within the limits of experimental eifor. ** 

A cliange which proceeds in a manner described by the preceding ecpiatjonS ^ 
is called a unimoltnikir change. An important characteristic of such changes 
may be pointed out at once. Supixise that a dchnite fraction, say 1/wth, of 
the total (piantity of original substance has undergone cliange. The con- 
centration will have fallen to The tunc re(pured to ellect this' 

change is given by 


t 


2-;i03 , 7/0,, 2-:m, n 


Hence the tim« re/piircd for any definite fraction of the initial substance to 
undergo change is itidependent of tlie concentration. I’rc*n the kinetic 
poi»t of view this resuft is (piite intelligible, since each molecule decomposed 
on its own accouift, and the closimess or otherwise of neighbouring molecules 
is therefore of no consequence. It follows that “(piantities of initial subsftineo 
present” may be substituted for “concentrations” in the preceding eiinations.*' 
The most interesting examples of inorganii; elianges which have been 
shown to follow the unimolecular law arc th<^ various r(('Ji(>artive tnimfornia- 
tiom. Provided that a radioactive substance can be obtained in a liomo- 
geneons state and tlie products of its disintegration do nof interfere, the 
rate of transformation, whicli may be measured bf tlie Tate of decay of 
r.idioaetisity, follows the unimolecular law.'* 'Die velocity c( #srtints of these 
changes ari^ called radioactive, constants, and dmioted by A in the literature of 
the subject. It is also customary to state the “ perTod of half change’' T, by 
which is meant flie time that must elapse after any particular moment, 
before the (juantity of initiar’substance reinainjng is redneej to oiie-half the 
piantity present at that moiiieiit. From tlie preceding equation it is 
seen tliat 


T = 'lip log.o 2 = 0-693/A. 


The value of 1/A is termed the period of average life ftf a radioactive element. 
In the case of radium F tor polonium) the peri(|fl of half-change is 140 days#- 
Hence, with the day a - unit oJ* time, the radioactive constant is 0‘693/140 
Dr '00405, a result nsu«illy eimressed as A(duy)~’ = 495 x 10“b Al;^), tfce 
pe'riod of average life is 1/0 00^5 or 202 da^i,. * . * * 

^It is quite possible for a reaction to follow the unimolecular ]aw,*7’.«. give 
a good “constant” for when the experwnentaU data are insoiled in the 
equation, even when the change must of necessity involve the interaction of 
at least two molecflles. The «iassic example, in the study of which the law 
of mass actien was used for tiie lir^t tyne, is an organic reaction, 

- t 1 

^ Sometimes called the exponential 1^, since it ni^y be writlen C - 
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inversion ” of sucrose in aqueous solution,' which proceeds according to the 
equation 

^ijUTose glucof>«* ln'viiloso 

and gives a good “constant” for a unimolccular reaction, as the following 
results - serve to show : -- 


t. 

e 

c, 

Aibitrary 


mins. 

f^nits. 


0 

10 O'J-i 


30 

9 ()J2 

0*001.52 

(50 

8-077 

0-00 1.56 

!'0 

7 -25 5 

0 00156 

130 

6-297 

0-00155 

180 

,5 347 

0 001.51 


In this reaction the niediuin (water) partici[)ates in the change. In all 
such reactions the concentration of the nu'dinin only changes liy an inappreci- 
able fraction oV its initial value, and may therefore he -regarded as a constant. 
Hence the only change of concentration that is of any conse(]iience in’ the 
preceding case is that of the sugar. 

A chemical change that proceeds by tlie interaction of tw'o molecules is 
'said to bo himaU ' Cular . Denoting the two substances by A and B, the 
equation 

holds for the rate of change. Only the simple case when initially is e([ual 
to Ch will be ce.isidercd. . In thik case 


whence, by integration, 

,,- t , Vo, v . J ' 

a result w'hich is in a form suitabhi for the testing of experimental data. 

The conversion of ozone into oxygen is, at 100", an irrevt'rsible cnange 
which follow's the bimolecular law.'* The change thus appears to be expressed 
by the equation 

Its progress is readily observed by measuring the rate of incnvise of pressure 
within the system, maintained j t constant vofiune. 

^ The decomposition of hydrogen iodide by heat — 

2111=^11.,-!- 1, „ 


Wiltielmy, roytju Annahv, 1850, 8i, 413,-19'4i; Ostwald’s Klamker, No. 29. 

< Quoted from Mellor, Cheimical SIkUvs mil Dynamics (Longmans & Co., 1904), p. 40. 

® Clarke and Chapman, Trans. Glmn. Nor., 1908, 93, 1638 ; Chapman and Jones, ihid,^ 
1910, 97 , 2yi63 ; Chapthan, Science Progress^ loll-2, 6 , 438. 
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18 a reversible reaction in whicli both the forward and the reverse changei 
are birnolecular. I'or the velocity of reaction the equation * 

holds good. Tf tlie reaction be started with pure hydros, fi iodide at a 
concentration (\j, and the concentration has fallen to ('.after a tune t, the 
concentration of iiydrogf'ii is equal to (( !^, - - ( !)/2, and that of iodine is the 
same. I fence, 

* , ill ' \// T / 

The ratio klk' is equal to the e<|uilibnuni constant K, and can tlieiefore be 
determined experimentally and its value inserted in the cjiiation. Th^ 
integration, which is quite simple, h'ads to an exjiression for )/ in terms* of 
0, (!(,, and (, and experimi'nl has shown that the expression actually has a 
constant value (luring the experiment.* 

In a bimolecular change the time rtupiircd for a (hTuiite fraction of the 
original substances (taken in equivalent proportions) to be transformed is 
inversely propcij’tioiial to the initial concentration. 'J'he proof may lie li'ft to 
the reader. « 

j^'cw clianges .are knftwn wliich involve the direct interaction of three or 
more moleenles, aid tliey will not he discnssi’d henj. Their rarit y is readily 
understood from the point of \iew' of the kinetic theory. It therel'on' appears 
that (sjmphcated reactions taKi' phice in successive stages, and the fact that a • 
coiiifilicatiMl change* follows the law for a bimolemilar or termoli'ciilar reaction 
may he ('Xplaiiied by supposing that one of jhc stages is of tliat ordi'r, and 
that all the otlu'r staiies tflivo velocity constants exceedingly large in com- 
parison with tliat particular stage. To ta’ p (juite a simple ease, the deeom- 
, position of hydrog('ii peioxide* in aqueous solution proefeds a? a nnimoleciilar 
change. According to the equation • 

- 2ir.,()., 

it would bo expcctf'd to be bimolecular. Ilcm^e it is supposed that two 
successive reactions ocelli , , 

(i.) I I.d - J !.,( ) 4- 0 (unimolecnlar) 

(ii ) Im ) - < c 


and tlmt (ii.) proceeds at a rate enormously greater than (i.). 

.VII clieideal changes the velocities of wdiieli have iiccn measured do not 
e^xhihit the simjilicity that might be anticipated from tlie foregoing account. 
The “irregularities” often observed may atitimes^be traced todetinite causes. 
One of the products of a cliangc may, as soon as it is formed, commence a 
reacUon with one or ()thert)f tlie^iiitial suhst.inces ; or th^ initial* subUtaTices 
may be cajiablo of interactbig in a number ofVays, and amjrdiiigly two or 
more. independent cliangcK ynay pnjceed simultaneously. In eitlu'i’oof these 
circumstances “side reactions ” are .said to oeiTiir. Tfie existence of ’a period 
of induction is observed at the commeneement of various reactions. j3uriug 
such a period the velocity iiR^*easos#to a maximum, after^vards falling crfF 

* A- 

^ See Van’t Hoff, Lectwes 07 i Theoretical Physical Chemistry, kaii, slated bv Lelifeldt 

(Arnold, 1899), vol. i. p. 187. • * 
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in tUe normal manner. Tt is not difficult to show that the existence of a 
period d'. induction is a consequence of the Law of Mass Action if *ihe change 
in question proceeds in successive stages, L'lit Hhat the detection of the 
, phenomenon ^ is very improbable unless the velocity constants for the 
successive stages arc of about the same order of magnitude, the greatest not 
being more tlian, say, ten times the smallest. It must not be concluded, 
however, tha'u the observation of a period of induction proves that^ a change 
proceeds in stages. The most interesting period of induction is that observed 
when chlorine and iiydrogen unite under the influence of a feeble light— a 
reaction which is termed a phoPjchemical change. The existence of this 
period of induction has been known for years, but it is only within recent 
times that it has been shown that the pure gases do not exhibit the pheno- 
menon, which is due to the presence of minute quantities of nitrogenous 
impurities which prevent the formation of hydrogen chloride, and which are 
themselves destroyed by light.- 

The radioactive transformations afford beautiful illustrations of successive 
unim,olecuh,r chanyes. For example, radium is transformed by loss of 
a-particles into niton, or radium emanation, which in turn loses a-particles 
and changes into radium A. The latter spontaneously changes into radium 
B, and so on, radium F eventually passing with loss of a-p;,a‘ticles into an 
inactive product which is probably lead. The periods of half-change of these 
Successive transformations vary enormously, being ns follows ; - * 

rudiujii Oj 

radimn -> niton -^ladium A radium b-> 19 5 miiitj. -> vadium D-> 
r. 1700 3‘S6 tlay8 3 miii». 2t)'7 mins, radium c. 17 yoars 

years 1*38 nuns. 

radium K -> radium F -> radium (t 
9*1 days^ HO days not ra<K >aclive. 

Heterogeneous Systems.- -It is not proposed to discuss here the 
results that have beefi obtained in studying velocity of reaction in lietero- 
geneous sysCefPs. One or two nhiiarks only can be made. It will he obvious 
that the observed rate of change in such systems must be largely influenced 
by the extent of the surfaces of separation between the phases, and hence, for 
example, the rate of solution of calcium carbonate in li} Jrochloric acid will 
depend upon the state of division of the solid. Further, such velocities are 
dependent upon the rate at which the products of reaction dilfuse away from 
the siir^’ices of separation, and hence, in the case just quoted, the velocity 
will vary if the liquid is stirred at dilferent rates. It is probable that in 
many reactions the change proceeds with great rapidity wliere the phases, 
come into contact, and that the observed rates of change are /determined 
almost exclusively by diffusion velocities.* 

Various reactions must be regarded as taking place in heterogeneous 
systems, although at first sight this may not seem to be the case. The union 
of l/ydrogan and pxygen, the rate of which cam bo measured at suitable 
temperatures, is {i case in poiPt. The reaction takes place almost exclusively 
at the walls of the enclosing vessel, and when the Jatter is packed with pprous 
porcelain the velocity of reaction appears to depend largely upon the rate of 


, ^ , by observing that a satisfactory Vf^ocity constant is not obtained in the initial 

of the reaction. , a . ' 

“ Burgesil and Chapman, 7'rans. Chem, Soe., 190G, 89 , 1399; Chapman, Science 
Progress, 6, C57 ; 1912- 3, 7 , 66 ; sei also Vol. VIII, of this series. 

^ Nern.st, Zeilsck, physikal. Chon., 1904, 47 , 52. 
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adsorption of hydrogen by the porcelain surface.^ Tlie decomposition or 
phosphine, arsine,- and stibine^ into tlieir elements when heated afl'dl’d further 
examples, the decomposition caking place in tlie 1 > ■ i r of gas adsorbed by the 
surface of the containing vessel. The fact that the/irst two of these reactions'^ 
appear to be unimoh'cnlar changes probably means that tin'- rate of adsorption 
of gas by the surface is proportional to the pressure. 

Influence of Temperature and Medium on R^te of Change. --In 

tlio case of the radio-active Iransformatiofis, the velocity constants appear to 
be (piito independent of the temperature. With all otlier cliangcs, how'even 
a change of temperature affects the velocity of reaction, ard with one or 
exceptions a ris’h of temperature causes the change to proceed at a gtaiiO'fsrr 
rate thau before. In hoinogoneous systems, the velocity constant is usually, 
doubled or trebled by a rise in temperature of ten degree's, and so an increase 
of temperature of one hundred degrees generally increases tlie velocity constjjjyfc 
at least a thousaiidfohl. It is accordingly easy to undci'stand wliy eompara- 
ti\ely few reactions lend themselves to velocity ineasurements at temperatures ■ 
convenient for experimental work. At ordinary tomporatures many reactions,, 
particularly those between acids, bases, and salts, proceed fai; too rapidly for ' 
their velocities to bo measured. On tlie otlu'r hand, many ri'actioiis must be 
considered iw progressing at the ordinary teinperatnres, although at such 
slow rates that no observable change occurs in any reasonable^iK'riod of time. 
Thus, a mixture of liydrogen and oxygen must be regarded, at ordinary - 
temperatures, al changing, altliongli excessively slowly, into the more stable* 
system in which practically all tlie ga.ses are united in the form of water* and 
observations extending over a nunilter of years actually show that yellovf 
phosphorus slowly changes into the more stable red form. Some reactions 
can occur with gieat velocity at very lo»’ temperatures, hor example, . 
tlnoriric and hydrogen unite with violeaire at and flnoriiK' will react > 

spontaneously witli sulphur, arsenic, andiotlicr elements at - 

The remarkable infinence of temperature on rfite ol (change is often 
applied Vith advantage in investigating Itates of equilibii^im, Since, for 
example, neither the decomposition of liydrogen iodide nor the revi'rse change 
proceeds at an appr^cialile rate at the ordinary temperature, it is possible to 
determine the qmditities of liydrogen iodide, ioiline, and hydrogen jiri^ent in 
a system in equilibrium at \ high temperature by coolhig.tlie system with 
great rapidity, and then apjilying the methods of chehiical analysis to the 
problem. ^ mr 

From the nature of Van’t Hoff’s equation connecting displacement of' 
equikhriiim with change of temperature, it follows, on the dynamic view^ of 
eqnilibriifm, that the connection between temperature and velocity constant 
for a homogeneous cliainge is of the form 


d 

(iT 




where B is independent of, but A varies !^)mewhat witli the temperature 
(si«ee A depends upon th? value of the heat of redaction). The majority (Jf 


' Bono and Wheeler, i'/i//. Trm^., lt>0t), 206, 1 . 

^ Viin’t Hotfand Cohen, SlnilcHin Choreal Dynamics, translated hv Kwan (WUUmiK 
& Norgate, 189QiJ, pp. 1 and 49 • • • 

’ Stock and Bodenstein, Ber., 1907, 40 , 570. 

^ Van’t ITotl'and Cilien, opnscif. | 

® Moissaii and Dewar, Compf. rend., 1903, 136 , 641, 786. 
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the empirical fornuila^ that have been found to repnjscnt satisfactorily the 
influence tjf T upon k in particular reaidions can be derived from tlie*^precediiig 
equation by assiuniiig that A varies with T in 'll s'fiitable, generally quite a 
simple, manner. 

The view here e\presse/l concerning tiie inlluence of temperature upon 
rate of change may be stated in the h)rm that the velocity of a reaction 
changes contiU'.iously with change of temperature ; but there is a npmber of 
changes in which this view appears ^lo bo incorrect. For a discussion of sucli 
fhanges, and the nature of “ false oipiilibriuni,’' however, the reader must be 
teferrod elsewhere.^ ^ ^ 

A change in the nature of the medium influences the rate'' of progress of 
a chemical reaction often to an enormous extent. For example, tlic slow 
decomposition of carbon oxysulpiiide in aqueous solution, 

'• C()s + K20 = (;(), + ri,s, 

is an example of a biniolecular change which gives a good constant for a 
unimolecular reaction (see p. 183). At constant temperature the velocity 
constant for this change is considerably altered when the nature of the 
medium is altered by the addition of a soluble aeud or salt.- A most 
striking instance is furnislusl by Mensehutkin’s determination of the rate of 
combination of' triethylamine (C.JT,).^N and ethyl iodide OJIrl at 100" in 
various organic solvents.^ With hexane as sohent the velocity constant for 
this hiinolecular change is 0'00018, whilst with htm/yl alcohol it is 0T33. 
The influence of the solvmit upon the degree of molecular complexity of a 
solute (see Chap. IV.) may also bo mentioiu'd. An e(pidil)rium is mvolvud 
in all such cases, and the rates of the opposing reactions are iine(|ually 
influenced by change of solvent. In tlie dccompt dtion of o/one ^ at 100*, 
interesting as being the only case of irreversible homogeneous change m the 
gaseous, state at-qu'csevt (lOU) known, the presimee of oxygen, mtrogiMi, 
carbon dioxide, or water vapoui*. lias no elleet, the rate of cliang,e lieiiig 
conditioned solely by the concentration of ozone in the mixture. 

A satisfactory explanation of tiie influence of the medium is still lacking. 

Catalysis. — It lias been already pointed out that '"tlq' rate at which a 
reactioU proceeds is changed by altmdng the medium in which it takes 
place. Frequently, however, it is noticed that the rate is altered, usually 
greatly iiicreaseri, in the presence of a very small (piantity of a “foreign” 
substance, tliat is to say, a substance that apparently takes no part in the 
change and is left at the completion of the change unaltered in chemical 
composition and in (piantity. The foreign substance is called a niUflf/at or 
catalytic Oj/tuf, and the plienomenon is tiTined raidiysin. Examples are very 
numerous. The evolution of oxygen by heating ])otassium chlor.vle proe/'cds ' 
at about 400*, but when a little uuinganesc dioxide is added, oxygen can be 
roadil;^ obtained at temperatures a little over 200°, before even the chlorate 
' melts The rate of union of hydrogen and oxygen, hydrogen and iodine, and 
sulphur dioxide and oxygen is in each case greatlj' accelerated by contact 
with spoil!', y platinum. !J’ho adc^ition of a little colloidal platinum brings 

^ Mell^r, opus cU. ^ 

^^%Ruchli()ck, Zeitsth. pliysikal, Cheip., 1897, 23, '123 ; 1900, 34, 229. 

^ Men.scliuU.in, Zeitsch. physikal, Chem., ISW, 6, 41. For other examples see Dimroth, 
Annalen, 1910, 377, ia7 ; Segaller, Traits. Ofum. Soc., 1914, 105, M2. 

'* Vide supra, p. 184. t 
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about tlio rapid decomposition of hydrogen peroxide in aqueous solution at 
the ordinary temperature. The “‘inversion” of sucruse only proifteds with 
appreciable velocity in tic presence of acid, wld h is left uiidiininished in 
quantity at the end of the experiineiit, etc. 

A catalyst is defined by Ostwald as a substance which changes the velocity 
of a reaction without itself being changed by the piocess, a ;h fiintion which 
implies that a catalyst is incapable of .starting a reaction, and only alfccts the 
speed of a reaction already proceeding, Ihongh perhaps at an (ixcecdingly 
dow rate. This is, however, in the jiresent state of knowledge, only a inattcj; 
')f opinion, and others hoVl tliat a catall’f^t can actually initiate a reactioAf 
The quantity (tf a catalyst present is often excessively small in comp!^son» 
with the quantity of material reacting. For instance, ten litres of a mixture 
of hydrogen and oxygon were caused to comhine at the ordinary tenqieniture 
n the jireseneo of O’OOOd gram of colloidal platinum, and the actio ity oftjjyi, 
aitalyst was still unimpaired.^ 1’lie final state of a systmn underdoing 
;hange must therefore he independent of the nalnie and (piantity of any 
laialyst })resent, and, in ])articnlar, the state of eqnililirinm in a reversible 
ehangp cannot be alfecteil liy a catalyst." For instance, it has been shown 
at .‘IhO'’ and in the alisence of a eatalyst, hydrogen iodide dt'composes to the 
extent of 18“C per cent, before equilibrium is reached,'' while in the presence 
of platinum black as catalyst ID per cent, was found to li;%ve dissociated.^ 
llqrfice it follows that a catalyst which modilics the forward rate of change in 
a rever.sible reaction must simifarly modify the rate of ])rogM'ss of the reverse 
change, a conclnsion that is in harmony with exjM'rimenl. * 

The cnorinous ydlucncc of water vapour on m.iny cln'inical changosr 
affords numerous striking insianei's of catalysis. C.irljon monoxide does not 
comhine with oxygen under the inllnence of t^e electric spark when the mix'ed 
gases are perfectly dry.'''‘*A similar n's-^iU is observed with dry hydrogen and 
oxygen. Numerous elemenls arc nneh.viged when heated in dry oxygon or 
chlorine; thus sodium may he nu‘ltc<] in dry oxygen \fithou1 chiiiiical change 
oecurriifg. Dry ammonia and hxdrogeii ehlttrido do not unite, find, eoiiveixsely, 
dry ammonium chloride does not dissociate when lu'ated. The dissociation 
of calomel vapour into mercury and mercuric chforide docs not occur wdth 
the dry substance, %nd dry nitrogen trioxidc vapour, far from being disq^iciated 
into peroxide and nitric oxide'; is largely associated as N/),. ij^i()leciiles.‘’ 

It is not ])ossible to say with certainty whether thesc'reactions are actually 
stojiped by the absence of moisture, or whether the changes stili proceed, 
w'itli exceedingly small velocities. It lias been snpixised Ibat two perfectly 
pnrc'» substances cannot react, the jire.sence of a tbinl being essential to the 
commeiictmcnt of ehemical ch.inge;' but the diflieulty of proving such an 


' Ernst, ZetWh. pJ ysiinl. 37 , -lIS. • 

Owing to tlic diHiculty of dofining oxiictly the nature of catalysis, this conclusion is 
onca toqiic.stion. Thus, it i? rlillicuV- to .see hoxv the “ niHiienccoof the s*lvenj*”%fcri’ed 
to in the preceding section, can be evcluded from Xl'hat is ternied^catalysis, if*the usual 
detinition is accepted, and yet change ot solvent is a.ssocialed wiih dis])lucenient yf 
eqmlibi'iuni. ’* * • 

Lemoine, yht7i Chim. Thys., 1877, (v.), 12 , 14.^>. 

* Hauteteinile, Vo}^}'pt rnul., 1867, 64 , 608. 

® Dixon, Jint. Assoc. Jie/iojts, 18x0, 693^ ^ ^ 

Eor full ici-rciices to the litoiaturC of lliis pha^' of thg subject, i?te Melhu and 
Trans. Ghcm. Soc., 190*2, 81 , 1272 ; Dakei, ilna., 1894, 65 , 611 ; 1907, 91 , ?862. 

’ Armstrong, Tmn^. Chem. Soc., 1886, 4p, 112 ; 1895, 67 , H 22«5 1903, 83 , J088 ; Proc. 
Moy. ii'oc., 1886, 40 , 287 ; 190'J, 70 , 99 ; 1904, 74 , 86 . • 
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'i^othesis experimentally is obvious, and as a general theory of^ chemical 
Change tlrs view is not widely accepted. 

Many clicmical processes carried out on 'li /iianufacturing scale are 
hastened by catalysts ; ^ ‘^'or instance, the manufacture of sulphuric acid by 
the chamber process, of sulnhur trioxicle by the contact process, of chlorine 
by Deacon’s process, etc., and catalysis i.s therefore a subject of great 
practical as weM as theoretical importance. No satisfactory genoraj theory 
of catalysis is at present known,- anti probably the many instance's of catalytic 
^ction known cannot all bo explained on the same hypothesis. The favourite 
taode of explanation is to assume die formation of intermediate coinpounds, 
, into the compositions of which the catalysts enter ; ^ these intermediate 
substances then react to yield the final products and regenerate the catalysts. 
^Particular instances in which this view receives experimental support will be 
dealt with as occasion arises in the other volumes of this series of text-books.'^ 


^ See Jobling, Chemical Worlds 1914; Coiu'ny, J. doc. CJicm. riuK, 190J, 21 , 302, 
where ninnfvous cuscs are dis('us.s(‘<l. 

2 A proundng t-heory of homogeneous catalysis has boon outlined by Rosaiioff (./. d mcr. 

Chem. So(\, 1913. 35 , 173). See also Rosaiiofrand Potter, ilmL, 1913, 35 , 248. 

3 111 wbioh case it may very well Iniipen that the calal}st adoallv^bi im/s abort a 
reaction, and not merely hastens one already in progress. 

* For furthei infoinialion, ndc Mcllor, ojms cit. (p. 169) ; ..Ost^^ald, Uthcr hatalysi 
(Leipzig, 1902). 



CHAPTER VI. 

ACIDS, BASES, AND SALTS. 

Historical, — The only ueid witli whieli the nncieiits were faniiliar was 
vinegar,^ Tliey noted that it acted as a solvent upon many substances, 
dissolving calcareous earth, for instance, with cHervescence, Suhse(|iiently, 
other li(piids were prepared, charaetej'iscd by similar solvent ])ovvers and 
possessed of a ^our taste, and they w(‘rc classed together as nfvd.v. Impure 
nitric and suljilinric acids were known in the eighth century, 'Jiiie alchemists 
atta<;Iied considerable nnportanee to acids, and regaided their power of 
dissolving substances wdueh are insoluble in water as their distinguishing 
characteristic. ' 

The name nlkah\\siiii originally a])[)licd to the ashes of sea plants, the 
detergent properties of which were noticed in very early times. Later, the 
apjilicntioii of the terwi was e.\ tended to inclmhi other substances, which, like 
the original alkali, dissolved in water, producing solutions having a soapy 
action on the skin and the power of aflegting the colour of various plant 
pigments. * '* 

The biteractions of acids and alkalis w'brc much stiuli* d “during the 
seventeenth eciitury. 1 1 was noticed that tlie substance produced wIkmi an acid 
and an alkali w'cre mixed did not exhibit the characteristic properties of 
cither an acid or a> base ; such substances became known as sa/Zs. Bpyle® 
pointc(l out that acids were cdiaracteriscd Jiy si^lvent powei^ the ability to 
precipitate siifphur from its solution in alkali.s, the [lowei' of turning certain 
Iduo vegetable colouring-niatlers rod (alkalis ellecting the reverse jidiange) 
and of combining with alkali.s, when a salt was produced* A iiumlior of 
alkalis^wore noticed to eflervcsco with acids, and w'ore called mild allc(dis to 
distinguish* them from the otiiers, or caustic alkalis. Further, substances 
^^vvere discovered^ which, although practically hisoliible'in water, nevertbeless 
cornbifted witL acids to foVm salts. These ^wero #3a lied earth, being further' 
distinguh'hcd as mildear'hs when fheir interaction with ac’ids was accompanied 
by eflerveseence. ^ ^ 

briginally the word sal* was applied to sea salt, and evpn at the present 
day , it is still commonly employed with this meaning. Subseijumitly the* 
term salt came into use as a class name foi^ substalices which, like’ sea-salt, 
are soluble in w^aterand maybe n'coveri'd from the solution by evaporation of 
tlio solvent. Paracelsus (sixtcei?th coufurj) and the ialroehemist.s applied t^e 


^ Gn'iik o|iW, Latin rtc»da« = sour; (Im-k o.’yj, Latin rt(V<wA' — vinc^,';»r, 

“ Arabian -the ash. lioyWs Colkcled jy»ih {1172), vol. iv, p.*284, 
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term to denote solid substances obtained by the combustion or ignition of 
other substances. Early in the eighteenth century the special p/bperties of 
salts were stated by iloerhaave^ to be soluhili^'y, fusibility or volatility, 
and taste. Later, hov^ver, the acids and alkalis were exempted from this, 
definition, while insoluble, tasteless substaiioes ()])tained by tlie interaction 
of certain earths and acids were classed as salts, so that the term “ salt ” came 
to include alt substances produced by the action of acids on alkalis, earths, 
metals, and calces or metals {i.e. sbibstanecs obtained by heating the metals 
^_in air)."'^ Substances which formed salts by interaction with acids were 
''grouped together as hn.Re& by Roiieb.o in 1744. ' 

Van llelmont distinguished betw(*en fixed alkali and' volatile alkali 
(ammonia); in 173(1 Dulmmel divided fixed alkali into vegetable (potash) 
and mineral alkali (soda). For a long time it was supposed that the caustic 
^alkalis and the earths were more complex than the mild alkalis and mild 
eatkns; for example, following the views of ‘‘Basil Valentiite,” limestone, 
which cfiervesced with acids, was supposed to combine with “matter of tire” 

. when heated, thereby producing (piii^klime, which did not eliervesce with 
acids. It was^ liowever, shown by Black, ^ that limestone is really (piicklime 
combined with a peculiar gas which difi’ers from ordinary air, and that it is 
this gas, called jbrd aiv by Black, which escajies when linu'stone dissolves 
> in an acid with efiervescence, lie further showed that th<' mild earth 
“ magnesia alba ” is similarly related to magnesia., since it consists of magi'esia 
combined with fixed air; and that the same pnxlict is obUined in solution, 
w'hether magnesia or magnesia alba be dissohed in an acid. 4'he work of 
r Black enabled a clear distinction to be drawn between mild and caustic 
alkalis and between the earths and mild earths. 

The discovery of oxygen by Priestley ' and Scbeele,-' and the recognition 
of the real nature of the phenomen'm of eombusiion by liavoisicr in 1777, 
led to tho oxi/(jen theory of acids. From the fact that various non inetals, ejj, 
carbon, sulphur', and phosphorus, combine with oxygen to form oxides^ which 
dissolve in water yielding acid solutions, Laxoisier eoucliidcfl that OAygen was 
the “acidifying principle” and was contained in all acids. To him an acid 
was a combination of o.xygeii with an “acidifiable hasi',”'^ which was usually a 
noiHpetal ; the oxides of the metals were not acids, but wore identical with 
the calces obtfiined by heating .the metals in air. Although it was sub- 


^ lioeihaave, eVte/aif?, 1732. 

2 See Lavoisier, IdementH of Chemistry, traiislatod by Kerr, 4th edition, 171*9 ; Nicliol* 
son, The First Frmciplrs of Chemistry, 1st edition, 1790, 3id edition, 1796. 

^ Black, Experiments on Maynesm Alha, Quicklime, and other Aleut ine SkIk ‘aiiccs, 1755 ; 

C/efc (Clay, 1893), No. 1, , 

* Priestley, Experiments and Observations on IhEerent Kinds of Air, 1775; HemMt 

(7/a& (Clay, 1894), No. L 

** Schoele, Chemical Treatise on Air and Eire, 1777 ; Alemoic Club llejn' hits {Clay, 1894), 
No.*:. 

* Lavoisier, (Euvres, vol. ii. ji. 2^6. 

’ Binary conigounds conlaiiiiiig oxygen are calb-d oxides ; those containing sulphur, 
sulphides ; selenium, selenfdes ; telluriuiii, tellurvles ; 4iydi’ogen, hydrides \ chlorine, 
chlorides’, hrornine, bromides’, iodine, iodides’, lluorine, Jluorides] nitrogen, nitrides’, 
jiliosplioru.s, etc. The sullix -ide almost invariably terminates tlio name of a 

ooiart/ compound ; and tlie name modified is tliat of klie more negative element, e.g. ZnO, 
fe'^cox'AiC', 'iiaCl, s,dium chloride, oAc. 

" ^ Also caPed the radicle, 'a term blue to G. de Morvoau. For the liistory of the various 
meanings tliat have, been assigned to the /’void radicle see Ladenhurg, Lectures on the 
History dg' Chemistry, translaterl by Dobbin, (Thin, 1905), Lectures 7 and 8. 



Ija^ueritly showu tKat certain acids do not contain oxygen, the idea" tfiai' 

"aicids wore oxides'* was generally held until about 1838, and the compouri^ 
"that these oxides were knowvi t:» form with water w*^ regarded as hydrates 
of the acids. 

Salts were regarded by Lavoisier and his followers as compounds of acids, 
and bases, the latter including calces or metallic oxides, caust!^ alkalis, aneji 
earths. Although he was unable to prove it, Lavoisier was inclined to regard 
the earths as being oxides of metals, and* this view was* shortly afterwards 
confirmed. In 1807 Davy^ isolated the metals sodium and potassium by 
the electrolysis of fused soda .and potash ri‘spoctively, the metals appearing! 
at the cathode, and oxygen at the anode. He accordingly regarded the 
alkalis as oxides of th^se metals (later they were shown to be hydroxideS),- 
' and, turning his attention to the eartlis, he succeeded in showing that lime, 
strontia, baryta, and magnesia were oxides of hitherto unknown metals, which 
he isolated in an impure state. 

Lavoisier’s theory of the constitution of salts was developed by Berzelius® 
into the diudhiic theori/ of chemical combination, an electrochemical tliQory 
which dominated chemistry for many years. According to Berzelius, each, 
chemical atom, when in contact with another, is electrified? Each atom' 
possesses two [^)les, a positive and a negative pole; but the eharge at one 
polo is much greater than that at the other pole, and c()iise(|ue^.tly an atom' 
appqjars to bo either positively or negatively charged according as to which 
of its poles carriofc the greater charge, Tho most ele(;troncgative element, 
according to Berzelius, was o'tygen. In chemical combination between iwo 
elements tlicre is a imutralisation of o23posite electricities, accompanied by" 
manifestations of heat and light. For instance, in the union of oxygon and 
another element, there is <a jiartial ncutrahsji'. ion of negative electricity from*', 
the oxygen, and j^ositivo* electricity from tl*o other element; but as the 

f iusitive charge on tho one element may Iw greater or less in fjuantity tliAfl 
he negative charge on tho second, the compound ii{U’odii#ed j^ossessos a ‘ 
certain re ideal charge of negative or podtixi’j sign. The “<-oi^ij«f.)und of tho*- 
first order” so produced is hence callable of still further combiiiatioii ; thb 
oxide of potassium, for example, which is positifc, can unite xvith the 
oxide of sulphur (cv sulphuric acid, as it was called), whicli is negative, td' 
form sulphate of potash, a '‘(ompound of the second order.” Tliis, irt likb' 
manner, is stili capable of combination, foi cxami'le, witli.su]pTiatc of alumimi." 
to form alum ; but, according to Berzelius, the stronger poles in general are ' 
neutralised first, and so tlie intensities of the electric forces, tR which clieinioaF^ 
combiijation is to be attributed, dimiiiisli the higher the older of the"! 
compound Jiocomes. 

On this dualistic view, then, every compound was ^ipposed to be capable*' 
^f division info two parts,* one positively and tha other negatively electrical.d 
A salt was regarded as y compouifd of the ^econa order, rformod by tho union" - ^ 
of positive metallic oxidi^and an acid or negative oxide, each of. the 0 |id 6 S' ' 
being a compound o.'" the first wder ; and forniuhe were written in\uch a J 
manner as to indicate this idea. Sulpliaic of potash, for example, a coinpound' j 
,of potassium oxide, KO, and sulphuric acid, was*written KO.SOj. . if! 


• • 

* Davy, Phil. Trans,, 1808, 98 , 1. 

; . ^ Davy, Phil. Trans., 1808, 98 , 333, . , 

^ fichweigg^'s Journal, 1812, 6 , 119; Lchrhuch dcr Chmie (Dresden. 

^edition, 1827), vol. hi. part 1 . ^ ‘ 

|>'vyx>L. , I. 
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w ‘ Lavoisier’s view that all acids must contain oxygen was 'generally accepted 
‘W his contemporaries; but Berthollot, in 1787, expressed a differerit opinioli. 
He pointed out that prussic acid contains ca/’bcyi, hydrogen, and nitrogen 
only, and that siilphuix,\tted hydrogen,^ which behaves as an acid, contains 
nothing but sulphur and hydrogen. Accordingly, he regarded other elements 
besides oxygen as acid-producing; but few chemists accepted his views. 
Between the years 1808-10, however, it was demonstrated by Davy^ that 
chlorine, discovered in 1771 by Schecde,- is an elementary substance, and that 
it combines with hydrogen to form a compound which behaves in solution 
-as a strong acid. It had prcviowsly been assunled that clilorine contained 
oxygen, and Gay-Lussac and Thenard," who studied the reactions of chlorine 
and its liydrogen eonipound about the same time as Lavy, adopted the view 
that hydrochloric acid was a compound of an unknown radical mitriaiicwn 
with oxygen and water. Gay-Lussac, however, eventually accepted Davy’s 
viw, being led to this step both by his investigation of the properties of 
iodine, during the course of which he prepared hydriodic acid,^ and by his 
study of prussic acid and cyanogen.^ ’Fhe experiments of Davy and Gay- 
Lussac made it impossible to assume any longer that oxygen was a con- 
stituent of allucids. Tlie acids devoid of oxygen wore called hjdrackh by 
Gay-Lussac, and Berzelius drew a sharp distinction between, on the one ' 
hand, the hyih'ackls and their salts, the haloid salts \ and, on the other hand, 
the oxyaoids and their salts, the amphid salts. 

The modern, or hydroyen theory of acids followed quickly after the 
discovery of the polybasic acids, d’lie latter is due to the classical investiga- 
tions of Graham in 1833.''’' Graham showed that the. water contained in 
/‘hydrated acids” was essential to their constitution, and that ordinary 
phosphoric acid is to be regarded as a compound of one ‘^atom ” of phosphoric 
oxide, and three “atoms” of water. ,,Thc salts of*’ the acid are likewise to be 
looked upon as compounds of oije “atom” of pliosplioric oxide and three, 
“atoms” of base, of iGiich one or two “atoms” may be water — i.e. the salts** 
are derived by the partial or cohiplote replacement of the three “?ctoms”of 
water in the acid by “atoms” of base. He further showed that there are 
\two other phosphoric aej-ids, one of which is a compound of one “atom” of 
pliosplioric oxide and two “aioiiis” of water, while the ivther is a comiiouiid 
. ,of one “atom” of phosphoric oxide and one “atom” of water; and that the 
• lialts of these acids are likewise derived by the replacement of the “atoms” 
of svater/)y “atoms” of base. Thus, Graham showed that what was at that 
' time regarded as’ phosphoric acid formed tlirce distinct hydrates, which were 
/able to saturate ditl'erent (juantities of base. 

In 1838 Liebig ® showed that a large number of organic acid'? resemble 
phosphoric acid, l^r example, tartaric acid not only forms salts by the replace- , 
ment of one atom of water by one atom of base, but it also forms salts by the 
replaccmebt of two a-toms of water by two laoms of rrither the same base or 
different bases. Thus arose the idea of polybasic acids. But Liebig went 
' further than this'-; he showed oho w to get rid of J;ho division of acids into 
^hydracids and oxyacids. 


^ Alembic Club Ilejrrinis (Clay, 1894), No. 9. 

. 2 Alembic Club lleprints (Clay, 1897), No. 13. 

...i* Oay-Lut>&ac, Aon. Chim., 1814, pi, 5. ^ 

**’^‘May-Lu»fiac, Ann. 1815, * 95 , 1£6. 

® Ciahain, r/iil. Trans., 1833, 123 , 253 ; nikmhic Club Rcyrit\is (Clay, 1896), No. 10. 
’ « Liebig, Any^alen, 1838, 2 ^, 113. 
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, According to the dualistic view of the nature of salts, it was necessary, 
to explaiti the formation of a haloid salt by a pi'oeess dillerent ^^•om tha^t 
which was assumed to acc 4 )unt for the producla • of an amphid salt. Fo)'' 

- example, whereas iron M’as supposed merely to rc^dace hydrogen in hydro- ' 
chloric acid, with the formation of ferrous cldoricle, it was necc'ssary to," 
suppose that in the prtxlnction of ferrous sulphate from in u .nid sulphuric ’ 
acid, the presence of the acid .SO. enabled, the iron to c^ecomp -se the water^ 
forming ferrous oxide and liberating bydrogt'n, and that the oxide then 
united with the acid to form FeO.SOj,. The two reactions, however, ar^^ 
similar in character, and l/iebig put forwa j^l a theory of thr nature of acids'^ 
in which this similarii^’ finds a ready expression. , > - 

According to Liebig, what had previously been regarded as hydrates of 
acids are the real acids. The acids, in fact, are hydrogen com[)oiiiids, in' . 
which part or all of the liydi'ogen may he replaced by metals, withtb^ 
formation of salts.^ The nature of an acid is therefore expressed nylbue 
statement — 

acid roplaceahle hydrogen + acid rudiele, 

by “acid radicle" being understood the remaining constituoifts of the acid. 
For example, sulphuric acid H.^SO, consists of replaceable hydrogen Ifg and 
acid radicle SO.,. The two reactions just mentioned— namely^ the formation 
of f^'rrous chloride and ferrous sulphate — are similar in character, in each caSd 
hydrogen of the Acid being replaced by metal. The formation of these salts 
from the ferrous oxide and the acids is likewise a ease of similar reaction#, 

% FeO + 2HCU Fed., + 11,0, 

FeO-}-Il2.SO.,-Fe.S(),-f-iU), 

in each case the reaction tieing 

, oxide of metai + acid ^ salt H- wat(4r. 

Liebig’s view is essentially that which is held to-day, acids Und salts beipg ^ 
regarded as strictly au'ilogous. This is well boyie out by tlie study of , 
electrolysis, which wiU be discussed in some detail later on in this chapter. 

Acids.— Without attempting to delliie exactly what is understofKhby ap ■ 
acid, it may bo said that an acid is a conujound of hyGl»rogen, which in-'! 
solution is capable of exchanging part or all the hyefrogen (the “acidfo"'' 
hydrogen) it contains for a metal, with the siiiiultaneous foimation^f water, 
by the action of a metallic oxide or hydroxide on the solution. 

Atthough hydrogen is the essential constituent of an acid, most aoids 
contain ofygen as well.’-^ The chief exceptions are.tho hydracids or oonx- 
^pounds of kydtogen with the halogens and with cyanogen, such acids 


^ Tliis view had been piwioiisly expressed by Davy, Phil. Tram,, 1£11, yoi^l66;'' 
181^, 105 , ‘^19 ; Alembr, (Jhth Reprinh (Clay, 1891), No 9, p. 03, 'and by Dulong iu 1816. 

^ It frequently happens tliat sevetal acids are known, closely i'i;lated iu coin'^jositioiii'; 
beinf , in fact, compounds of the same elements, but dilfering in the amounts of (.xygen thw^J 
contain relatively to the otlicr elements. In namifig these licids a systematic method fs > 
employed. The name of one acid is chosen to end in -ic, and the sutlix -om, and the prefixes ^ 
hypo- and per- employttl in themani#T indicated in the following example : — " ‘ 

HCIO , . hupo cUloroiw^cid. 

HCIO 2 . , chlorous ,, 

IICIO 3 . chloric ,, 

HCIO 4 , . perchloric* ,, 



i'flilo^Hoic acid* 2HF.SiF4 or H^SiFg, and the thio-aoids, such as thio-carDOnit^j 
which are analogous to oxyacids, but contain sulphur Sn place orj 


oxygen. ' r . , v 

An acid is said to b\i mono-y di-, tri-f etc., basic, according as its molecule , 
contains one, two, three, ^ etc., atoms of hydrogen replaceable by metals. 
Besides forming so-called normal salts in which metal replaces all the 
’acidic hydrogi^n, polybasic acids are capable of forming salts in which only 
pkrt of the hydrogen is so replaced. These intermediate derivatives are 
;Called acid salts. Since sodium and potassium salts are derived from 
acids by the replacement of lyi^drogen for nietal, atom for Jitom, the 
basicity of an acid is equal to the number of sodium oi** potassium salts 
tliat it forms. For example, phosphoric acid, HgPO^, yields three potassium 
salts, having the fdrmulaj 


KH^PO^, K2HPO4, and K3PO4, 


and hence is tribasic. The first two salts are acid salts, but the third is the 
, noimal salt, i.e. the salt derived by the replacement of all acidic hydrogen in 
the acid by metal. 

The basicity of an acid cannot be determined by mere insptjction of the 
molecular formula. Hypophosphorous acid, II3PO0, for instance, might in 
that way be considered tribasic, whilst actually it is monobasic and yields 
Only one potassium salt KH.2PO2. 

Jnformation concerning the basicities of acids may be derived from thermo- 
diemical measurements. A monobasic acid forms only one sodium salt, and 
accordingly the heat evohcd when a dilute aqueous Lolution of one gram- 
molecule of the acid is neutralised by a dilute solution of x gram-molecules 
of sodium hydroxide is practically independent of.^r for values of x starting 
from unity and increasing ; the heat evolved is, however, very nearly pro- 
portional to X (or va(pcs of x than unity. This is illustrated by the 
-.liumbers giyen in the following table : — 


^No. of giani-inolt'cules of NaOH adf|od to one of acid. 

Acid, 


' 

1 ' ”• 

1 ' ' 

1. 

2. 


Cals. 

CttlH. 

Cals. 

HCl, HHrorlll . 

6 ’85 

137" 

13-7 

H5S . 

3'1> 

7 7 

77. 

11 CN . 

: Vi 

2-8 

, ‘2-8 

H3PO0 . . . 

; 77 


15 2 

HNO3 , 

j ‘^6-8. 

, 137 

0 

13*6 


f ^ ( c ' r 

^ On. the other' hand, if, in ft series of experiments, the gram-molecule of 
ft; fioly basic acid in dilute solution is mixed with 1 , 2 , 3 ... w gram-molecules 
W sodiuhi liydroxidc strccessivdy, the quantities of heat liberated at first- 
/increase, but at length become practically equal.. If the evolution of heat 
.'is^jrac^cally unchanged when the 11, umber' of gram-molecules of sodiuin^' 
fhjxlv^xidc ^ increased beyond m, t^e acid is ?a-basic. ]<lxaUiple8 are given" 
JD the accompanying table in which ^the heat unit i^ the kilogram-calorie^ 
0Or Cal. 







Acid. 


No. 

»f gram-molecules of NaOtl to one of aeid. 


X. 

1 

1. 

2. 

3. 

, 

4. 

6 

Basicity 
of Add. 

7T 



14-6 

310 


31-2 


2 , 


15-9 

29*0 * 


29-;? 


2 

75 

14-8 1 

28-4 

28*8 



2 

7-4 j 

11-8 ; 

27 0 

3‘f!> 


35’*4 

3 

... j 

14*4 

28 6 p . 

.52*8 

.54-0 

1 

4 " 

— • 


— 

— 

_ 


.. 


IIoSO^ 

H.,SO.> 

h;po, 

UgPO, 

I h,pa 


The results obtained in this manner do not always a^ree with thoa 
derived from a study of the eompositions of the metallic salts. 1 lydrogei 
sulphide, for example, is dibasic, but the thermochcmical method iiiditiSfii^l 
basicity of unity. The reason is that sodium .sulphide, NuoS, is hydrolysec 
almost completely in dilute aqueous solution thus — 

Na.S + ll,()^7^--:NaHS + NaOH, 

and hence the<hermal change when two gram-molecuh's of a i sail are aaaec 
to one of hydrogen sulphide differs inappreciably from that ♦bserved whei 
oril)i one gram-molecule of alkali is used. 

OxidesJ — The oxides may be divided into various classes according t( 
their chemical behaviour. 

An oxido which ^jombiues with water to form an oxyacid is called at 
anhydride or acidic oxide. For examt)le, sulphur tnoxidc' is the anhydride 
of sulphuric acid — • 

Jf.,0 + S0., = H,S()., 

, and hence is often called sulphuric aniiyclride. One*or twrf> oxides may 1)€ 
called .r'hydrides in a certain sense, bccc ise they may be ^))*tained from 
oxyacids by loss of water, although they do not unite with water t(» form the 
acid. Thus nitrous oxide may be looked upon as* hyponitrous anhydride, 
since the (diange- 

1/,N./)2 = N,() + H/), 

can be realised, but not the reverse cliange. 

Most anhydrides are oxides of non-metals or metalloids^but thsy include 
one or two metallic oxides. These are invariably the higher oxides of the? 
motafe, i.e. those containing the greatest amount of oxygen. Examples are{ 
chromic atihydride CrOg and permanganic anhydride ^In.^O^. ' 

An oxide that .reacts with an acid to produce a salt and water only iC' 
called a basic oxide. Examplec^ are num^'rous f calcium oxide, CaO, ferroija;^ 
oxide, FeO, ferric oxido, FogOg, etc.^ They are oxides of metals (or metal loids)^'^ 
the oxides of non-metals flot bei#ig basic. 


^ When an element forms a nuniher of oxides, numerical prefixes are ol'i-en used 
naming the compounds in order to dislinmiish bel^een thefn. For instance, T’bO is lewt;*; 
Mon-oxide, PbO.., is lead rfi-oxide, while Pb.>0, is lead sc.s^tti-oxide (the atomic ratio 2 : 8 - 
being distinguished bjPthis prefix), •This method of forming names ijjiised geneij^lly ; thus': 

■ InCl, luC'b, and JnClj are called indium di-, ^/I'-chlorido respimively, etc. • 

® When two basic oxides of a metal are kiiAvn, the suffi!tes -ovs and dc are empl^put^ 
(distinguish between th^n, the -ic oxide hu|'iiig tho greater oxygep content; e.g. FeO 
vferroiw oxide and FejOj is ferric oxide. 



f , ' • ' . , . ' , r'^ w .V ^ 

An oxide wliich is neither acidic nor basic, but which contains more 
'^'^^Oxygen th^in the basic oxides of the metal, is usually called peroxide ] e.y, ' 
barium peroxide, JlaO^„ manganese peroxide, Nn^.^. Some peroxides— for 
lofitaiice, barium peroxick^ — are derivatives of hydrogen peroxide, and yield that . 
substance when acted upon by an acid. Others, like manganese peroxide,, 
behave as oxidising agents in the presence of acids. The term p)eroxide is 
sometimes ua^d in another sense to indicate oxides which contain a larger 
proportion of oxygen' than the typical oxides according to the periociic clasai- 
' ncation. On this definition manganese dioxide, Mn02, is not a peroxide, since 
• the typical oxide is Mn^O^. l‘oi^snlphnric atihydrido, S.p^, however, is a 
peroxide, since the typical oxide is SO3. 

An oxide which is neither acidic nor basic and docs not yield such oxides ■; 
by loss of oxygen 'is called a neutral oxide. ^V^ater, H.^O, and tellurium 
" monoxide, 'I’eO, arc examples. Std)oxide.% or oxides containing less oxygen 
I/:.- lowest basic oxides of the same metals, may also be included among 
the neutral oxides, e.y. lead siiboxide, Pb20. 

Lastly, there are oxides which may be termed mixed anhydride^^ e.g. 
chlorine dioxide, CIO^ or Cl^O^, which yield a mixture of acids when they 
react with watGr — 

CLO^ + H .,0 - llOlOg + HCIO. 

and saline oxi^ies, which are regarded as salts; e.y, lead ses<piioxide, Pb.^Ojj, 
-which is looked upon as lead plumbatc, Pb.PbO^. 

number of oxides are both acidic and basic, according to circumstances. 
Thus aluminium oxide behaves towards hydrochloric acid as a basic oxide, 
‘forming a salt (aluminium chloride) and water. Tow ai'-ls sodium hydroxide, 
however, it behaves as an acidic oxide, forming a substance called sodium 
, aluminate, whiiih must be regarded as a salt formed by a process (piito 
, ' analogous to the production of sodium chromate from sodium hydroxide and 
chromic anhydride. , Oxides cxlfFoiting this double function are called 
amphoteric qxides, and their hy^lroxides amphoteric hydroxides (vide, infra^ 
p. 227 ). 

Hydroxides, Bases, Alkalis. — The monoxides of the alkali metals 
‘"combine readily with water, forming solid substances termed alkali 
hydroxides^' e.g. 

K20+H20:=2K01T. 

' The monoxides of tlie alkaline earth metals also unite readily with water to 
. form hydroxides, e.g. 

CaO^ lLO-Ca(OH)2. 

' Hydroxides corresponding to the weakly basic oxides such as^ zinc oxide and 
aluminium oxide are known^ They cannot be prepared’ directly from an*‘ 
' oxide and water, but Are obtained leadily by double (lecomposition ; e.g, zinc 
hydroxide, Zn(Oll)2, is precipitated when potassipm hydroxide solution is 
-added to a solutiQu' of zinc chloride — ‘ ^ i 

ZiiCL + 2 KOH = Zn(OH)2d- 2 KC 1 . 

For reasons which cannot he entered into here, hydroxides are regarded 
as coinpc^mds containing the hydroxyl ^radicl^ (OH), a view which accounts 
Aame and ihe method en^ployed m writing their formuke. 

, — - - - - f. ; 

* 1 These are often, byt quite wrongly, called hydrates. See p. 200. 



JLQIDS, ; UBm, kM SAXitS, 

The term base is now usually employed in inorganic che?iii8try to ra^n 
basic hydroxide. The hydroxides of the alkali metals are also l^iowh M 
alhdis. The basic character .exhibited by an ao> 'ous solution of ammonia 
is attributed to the existence in the solution of. ammonium hydroxido 
(NH^lOH, in which the ammonium radicle (MI4) exhibits the characteristicgl 
of an atom of metal. ^ 

The normal hydroxide corresjiondine, with the oxide M/),^ 's M/.)^ 
or, as it is written, The normal hydroxides of most b;isic oxides 

are known, and, by careful drying, may often bo made to yii'ld hydroxides^ 
with a smaller water content. Such hydroxides are sometimes met with as. 
minerals, e.g. ditispore, Al^O-j-H^O. The hydroxides of the aodic oxides 
constitute the oxyaci^s, and it is seldom tliat normal hydroxides, in which 
hydroxylation is at a maximum, can he realised. For o.vample, the normal 
hydroxide corresponding to is but the most fully hydroxylated 

hydroxide known is orthophosphoric acid, lT3Pt>4, i.e. r(01f)j^ - ll^O,^ 

Salts. —A salt is a compound derived from an acid by the replacement 
of the acidic hydrogen by the metal or basic radicle such as (Nil J, (UOg)* 
etc. ; accordingly acids arc often described as “salts of hydrogen.” A genemU 
method of eflbcting the roplaceiiH'nt, by the interaction of jtn acid wifli a 
basic oxide, bus already been mentioned.''^ The terms norma/ and acid salt 
have also been explained (p. IbO). Substances known as sa/fs maybe 

loolicxl upon as eomponiids of normal sails with basic oxides or liydroxides, 
as salts of basic ladicles or as hydroxides in winch part of the hydroxyl has 
been rc})laced by an acid radicle. Bismuth oxychloride or basic bisifnith 
chloride, for example^ may be ri'pix'sented us Ihl T, or BiO.b'l, accord' < 
ing to the viexv adopted, and liasic load cldoridc as l*h(T_,. ld)(0H2) or 
Pb(OH)Cl. There l.s litjtle doubt that mayy “basic salts’^ described in 
the literature are simply *mixtnres. 

The salts of the hydracids must he car(;fully distinguislied Ti’om the com- 
ponnds of non-metals with the halogens, cyanogen, i^e. T^u' latter are iicJt 
salts; Luey cannot he formed from basic <>xides and tlie requisite acids, and' 
they exhibit none of the cliaraeteristics of the salts of the hydracids. Thua 
they are decomposed by watiu- (liydrolyscd), the chalige being irreversible, e.g. 

BBiy VMl.O ^ B(( )H)3 -h 3 UBr ; 

• 0 

they are easily volatile, frequently being liquids at ordinary temperatures, 
concentrated sulphuric acid does not affect them, and they ye roadiJy solubl4' 
in such solvents as ether, chloroform, benzene, etc. The halogen compounds 
of th«! metalloids approach these compounds in some of their pro])erties; but 
each metiMloid forms at least one oxide jiossessing basic properties, and con-^ 
^soqiiently yiplcte halogen compounds which may he formed by the ordinary' 

^ Boo this series, Vol. II. ■ - 

The name ortho-i^c\<\ is af)j)]ieil ' je most fully kydroxylalod emd^Jiiown 

that corresponds to a particular aiilixalndo. Aa f iid, tlie molecule of widen may' be. 
regarded as derived fjoin the molecule at au ortho-add by the loss of a wholn iiTimber of 
molecules of water is called a wie^a-acid ; e.g. HPO„ i.e. (II3PO4 - ILO), h termed metapfictti^' 
phoric acid. The term acid dciiot<“s an acid* the niofecule of which is 'regarded ftif' 
derived in a similar fashion from two molecules of ortlio-acid ; e.g. TI4P2O7, i.e. (2H3PO4 •- HjO), 
is called pyrophosphodc acid. * • ^ , 

^ A salt is sai^i to correspond to or to be aerived from the basic oxisle from "'hftliit^n*^ 
be thus obtained ; and the terminations -o ?/5 jfiid ac whiclf are applied to tfce iiamSror 
basic oxides are also need in naming salt^ Thus the chloride cpnesponding to forwttr 
. oxide is called ferr( 3«5 chloride, that deiived from feme oxide is called fen/r dihiriflf* a+a ^ 





for obtaining salts, namely, from the basic oxide and acids, 
Vafthbugh the salts thus formed are decomposed by water. In short, the 
".ructions between the oxides and acids ure rCvcf 8il)le.^ 

Hydrates. — Man}/* acids, bases, avd salts enter into combination with 
Wter, forming crystalline solid substances known as hydrates, the coraposi* 
^jttions of which are in conformity with the ordinary law's of chemical combina' 
;,.jbi6n. For ex imple,^when zinc sulphate is obtained from an aqueous solution 
ftt the ordinary temperature, by evaporation of the solvent, it separates as 
^,the heptahydrato ZnSO^.THoO. In general, the composition of a hydrate 

- is such that it may be represepted as x molecules of acid, base or salt, 
‘associated with y molccailes of water. Hydrates often lose water veiy 

readily wdien heated, leaving behind cither the anhydrous substance or a 

- lower hydrate, i.e. one containing less water ; these changes are reversible. 

is customary to speak of hydrates as containing “water of crystallisa-, 
tion^''* idthough, since many crystalline substances do not contain any such 
.^water, the expression is misleading ; the zinc sulphate is said to contain 
.-.seven molecules of water of crystallisation.” 

Double Salts and Complex Salts. — Many instances arc known of 
combination between salts, two and sometimes three single salts uniting 
. together in simple molecular ratios to produce a substance which, in the solid 
State, possess'^-s physical properties quite distinct fr^m those of the single 
sails. These substances frequently contain water of crystallisation. For 
example, the substance 3 N Il4Cl.ZnCl2 can bo crystallised out from a 
solution containing zinc chloride and ammonium chloride, and the substance 

• FeS0.j.(NlT^).,S04.6Tr.20 from a solution containing /isvrous sulphate and 
V ammonium sulphate. 

; In aqueous solution many these substances bqhavo in the manner that 
■Would be expected of a mere mixture of the constituent simple salts, and they 
are accordingly called double or iHple salts as the case may be. Examples 
. are known of double ‘salts derived from tw'o ditlerent salts of the san\e acid ; 
re.g. K.^S04.Al.AS0,j)a.24H.20, from two dilFeront salts of the same metal; e.y. 
Hg(N03).2.2HgS, and from two ditFcrent salts c^f two different acids; 
e.g. kainite, MgS0,j.KCl.?ilI.20. Of those types the firi^t is by far the most 

• .frequently observed. 

:c. The formation of a double„salt from two single salts is a reve^-siblo process. 

; When the two salts liave a common ion, the systems formed from the double 
'llffiilt, single salts and water are tbrce-component systems. The assemblage 
'■of the four phases mentioned constitutes a univariant system, and hence, to 
;;aiiy particular pressure there corresponds only one temperature, the transi,- 
:4ion^oint, at which eqynlibrium is possible. For example, at aomosphoric 
,^..|)re8sure, copper calcium acetate decomposes at 75 " into the sing!.c salts. , 

Ca(C,II. 0 ,)i,-.Cu(C.k, 0 ..); 8 Hj 0 = Oa(C.,H, 0 ,-\,.H .,0 

^ » 2/. V 2 j ./2 ,.cu(o:ii’o.;):h:o+6HjO. 

<r ' j 

yijwve '75" the double salt does'not permanently exist, but breaks up into the 
^^airigle salts ; the reverse holds below that temperature. It will be noticed 
:?,the<t the water of crystallisation of the double salt is greater than that of the 


.it^^Jhe non-nletal^are further disl^niguished from metals by the property of forming 
^ hydriViea ; the few me'tallic hydrifles known are not volatile. * 

^ Por the application of the Phase Rule to the study of hydrates the reader is referred 
works cited on p. 177* ' 



single Safts, The revofse is the case 'with astracanite, MgSO^.NanSO^l'iHo^,':^ 
^xjraied in aceoi’flaiice witli the equation 

MgS04.7Jl20 + Na/JO,J01f2()-MgS04.Ni ^30,.4H20+ 13lIoO, . 

and consequently the double salt ie stable above tho transition-point, in this ^ 
3ase 22*, and not below it. ^ 

The thermal changes accompanying such transitions arc due mainly td l 
hydration or dehydration, and these processes are. attended with evolutioA.^ 
ifid absorption of heat respectively. It is tlierefore not dillicult to sec that^ 
the directions of the changes in the exan^les given are hi accordance wRli, 
Lo Chatelicr’s Theore^.^ 

In distinction to the double salts properly so called, there exist subsla’ncegr , 
which may'be formulated as double salts and which can usually bo produced 
by tho union of two single salts, but which in aqueous solution differ,' 
remarkably from the original salts. The conqiound 2NaCl.PtClfHi9*"iUi 
3xample. From tho properties of chlorides it would be expected that Six" 
uolecidar piojiortions of silver nitrate would be necessary to react with one^ 

)f the compound; but only two are n'quired. The precipitate, however, is. 
not silver cliloride, but has the formula 2 Ag 01 .PtCl 4 . *^rhe “ double 
chloride” muift, in fact, bo looked upon as the sodium salt Na 2 [PtCl(,] of 
complex acid ^T 2 [PtCl^,], the precipitate obtained with silver# nitrat^i being 
tho •corresponding silver salt Ag 2 [Pt(’lg]. The acid radicle of those salts 
is [T'tCI J. « ■ 

Examples of complex mlu are vmy numerous. The ferrocyanidos'and ' 
cobalticyafjidcs, for e^am]:)le, are sails of the complex acids, H^[Fe(CN)J and ^ 
H,,[Co(Oi\^),,], and not merely double cyanides. Accordingly, they do not give, 

' the reactions usu.dh associated with iron and cobalt salts respectively 
infra, p. 221). ** 

^ ElectrutaSis. 

Introductory, Nomenclature and Faraday’s Lawaf-^Tbe various." 
substances through whi'di an electric current can be passed may be divided , 
into two groups. Tlic passage of electricity through a member of the first i 
group is not accom'panied by any chemical change ; the metals belong tp thifr] 
group. Members of the second group, however,*sufier chomi^jaldccom positional 
when the current is passed through them. Such substances are termed/. 
eleefroh/tes, and the process of decomposition is called ehctrih/sis, • 

P^loctrolytes comprise fused salts and solutions of acids, bases, and salts';' 
in vjfrious solvents.- The following brief account^ of the subject of elecr^^n. 
trolysis d^als only with aqueous solutions, except ^wbere tho contrary ijSf/ 
.expressly stated. It should be mentioned that pure water itself can scarcely 
be called an electrolyte,* its conductivity .(vide p. 227) being exce^*-^! 

ingly small. ' * ‘ 

' , As a typical exampl<» of tlv process of electrolysis, /.bo deccmpqgiiiOD qf ; 
dilute sulphuric acid mry bo described. When twai platinum plates, 

* For tho further discussion of double salts, viSe the viSvks cited on p. l/7, and 
Freund, Soience Progress, 1907, 5, 135. ■ 

‘ It is a common ])tacticp to consider tliE^ the term “ salt ” includes the ideas of * ‘ 
and “ base,” in A#hich case “ electrolyte ” and “salt” become synonyntous. • 

® The reader is referred to tho following wo<lc3 for mrthefinformation : L4ifeldt,tl?!<cfr<r*^ 
; chiemistri/ (Longmans ImCo., 1904); Leblaill, Jilectrochcmislry, translated by Whitney 
^rowji (Macmillan & Co., 1907); Whetham, Tlieory of SokUion (Carnb. Univ. IVess, 



‘^^O'cted by wires to tlie terminals of a battety or other source of the electrio4 
•.ciitrent, ,are immersed in tlic dilute acid, it is noticed that bub'bles of gas " 
appear at the platinum surfaces. The gas libe^’jited at the surface of the' 

■ plate fU the higher potpntial is found, to be oxygen ; that evolved at the ■ 
other plate proves to be ^hydrogen ; and if the current continues to flow 
for some time and precautions are taken to prevent mixing in the solu- 
^ tion, it is f(ymd that round the higher potential plate the concentration 
of sulphuric acid increases, while round the other plate a diminution in 
^ concentration occurs. 

When a dilute solution of popper sulphate is similarly electrolysed, 
nmetallic copper is deposited upon the platinum plate at the' lower potential, 
while oxygen is evolvfid at tlie other plate, around which sulphuric acid is 
formed. Ultimatflly, all the copper becomes deposited, and a dihrto solution 
of sulphuric acid remains which yields hydrogen and oxygen as previously 
’ de^rrxcrd. 

Each of the preceding arrangements constitutes an elertrolylic cell. Tlie 
^plates which serve to convey the current into and out of the liquid are termed 
eltcivodeA ; the one at the higher potential, i.c. that by which current enters, 
is called the 'anode, the other being known as the cathode. These terms are 
due to Karaday,^ who was the first to make an exhaustive study of this 
subject. Far^^vday’s idea of the mechanism of electrolysis did not differ 
greatly from that proposed in 1800 bydrotthus; the substance undergoing 
decomposition was supjiosc'd to be divided into two parts, v,hich travelled in 
opposite directions towards the electrodes. The “ bodies that go to the 
electrodes” Faraday called ions; th(5 cation travels to tj^e cathode, the anion 
to the anode. 

Davy showed that there is, no accumulation of electricity in any part of ' 
a voltaic circuit, but that a uniform tlow exists throughout. The quantita- 
tive laws of electrochemical decopqiosition were discovered by Faraday ^ and 
are as follows : (i.) thd- amount of de.comjmsition of a yiven electrolyte is pro- ” 
portional td ike quantity of elMricity mhich flows throayh it, a^itTfii.) tne 
> quantities of different substances liberated by the same quantity of electricity 
are in the ratios of their Chemical equivaleiits. 

The electrochemical equivalent of a substance is defined hs the mass of the 
^ substance liberat(‘d by one coulomb of electricitfy (one ampe'^re flowing for one 
second). Farada3r^S Laws may therefore be ro-stated thus: the amount of 
a siibstapce liberated is equal to the product of its electrochemical equivalent 
and the number of coulombs passed, and the electroclicmical equivalents of 
substances are proportional to their chemical equivalents. ». 

Careful experiments have shown that Faraday’s Laws are ecact. For 
/example, the chemicaroquivalcnt of silver is 107 88, and tlsit jpf copper ^ is^ 
S1‘790; their ratio is 1 :0*J?1H68, The electro-chbmical equivalents are in 
-the ratio of 1T175 Vo 0’32929,4 '‘Lc. of 1 to 0'29407. The laws, moreover, 

^ Fapday, Experimental Researches in Eleelricily. 1839, gol. i. 'p. 195. 

* Faraday, opus cit., vol. i., Seventh Series of Rosearches. 

V * Mean^^of results from (i.) composition of cupiic bromide ; (ii. ) com])osition of cVipvic 
oxide ; ana (lii.) replacement of .silver in silver nitrate by copper, Richards, Proc. Avier, 
A<tad., 1891, 26, 240; Clarke, A Recalcidation of the Atomic IVevjhts (Smithsonian 
' Collections), 3rd edition, 1910. , 

^LJlic'nards and Ileimrod, Proc. A^ncr. Acad., 1902, 37, 41.5. See alao Gallo {Oazzetta, 
> 1900^361 ii.*il6}; Kreider (Amer. J. M., 1905, [iv.], 20 , 1); Washburn and Bates 
\J. Amer. Chem. ^W.,.1912, M, 1341, 1515) ;«and Bates and Vinab(/^/n^., 1914, 36, 916), on 
the ratio df the electrochemical equivalents of iodine and silver. 
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•^^pply t6 th^ electrolysis of ftrsed salts ; ^ and Kichards and Stull found ho 
^ difference batween the electrochemical equivalents of silver when deposited' 
v^(i.) from an aqueous solution of the nitrate, and (ii ) from a solutio/i of the 
> nitrate in a mixture of fusef^sodium and potassiuiu nit^’-ates.^ Solvents othei:* 
than water have also heen employed, c.y. pyridine and acetone, and the 
electrocliemical equivalents found to be identical with thos*' obtained when 
water is the solvent.^ 

From iho many carefn] determinations of the electrotfliemioal equivalent 
of silver that liavc heen made,** it appears tliat the value (*aunot differ 
appreciably from 1‘118 mgrns. j)cr coulomb. Unnce, tl»e ^non-equivalent of 
silver is libci’ated by the passage of 107'88/i^ 001 1 FS t;-, 9(5, oOO coulombs ; and 
by Faraday’s Law thif quantity of electrieity, known as a “ fara(]ay,”-wiil , 
liberate tlie gram-equivalent of any other substanc that the current is 
capable of separating. 

TliO' nature of the products obtained by (‘lectrolyiic deconipo,sitioi)^..wes 
little doubt as to what the iotis must be. In the case of a salt solution, the 
cation is a metal, and the anion an acid radicle, cy. the ions of copper 
sulphate are copper and the sulphate radicle (80J. The cation of an * 
ammonium salt is the ammonium radicle (NIT,) ; that of all acid« is hydrogen, 
the anions being acid radicles. In the case of bases the cations are metals, , 
while the anioji is the hydroxy] radicle (OH) ; e.o the ions of sodium hydroxide 
are i^)dium and hydroxjl. * 

The ability to* function as cations is characteristic of metals ; the non- 
metals form anions, either as such, or in combination with other non-metftls, 
forming a compound ion or aind radicle. A metal may, however, form part 
of an anion, r,//. the aflion of potassium ])ern)anganate is the MnO,, ladiclc/ 
furllier, the cation of ammonium salts is an example of a cation composed 
of non-metals. * • * 

To account for the quantitative phenomena of electrolysis 'ft is necessary 
. to suppose that the motion of the ions ihnmgh the el'^ctrolyito is associated 
with tho motion of electricity. The gram-eq-^ivalcnt of each iyn*is regarded 
as conveying one faraday of eleidricity to the electiodo towards which it 
moves. In accordance with the laws of electrostatics, cations must carry a 
positive, and anim-s a negative charge; whence the metals and non-metals 
are known as elecirojiositlve ani electronegative elements respectively. When . 
the ions reacii the electrodes, they give up tftcir oleeJt ric" charges ; what 
happens subseijuently depends upon tlio chemical nature of the ions, the 
electrodes, and tlie solvent. 1 ’he ion, deprived of its charge, fnay be liberated 
in the^frec state, r.y. hydrogen and copper at the cathode in the examples 

’ \mm7*ZeUsrh. Elcktrochem., 1900, 7 , 277 ; 1901, 8 , 753 ,’»Ilirhards and Stull Proc. 
wirner. Acad., 1002, 38 , 409. . 

" It has also been shown tliat the Lhctioelionne.'^l eriuiv^ilent of silver is inrhqKUident of 
the pressure from 1 to 1.500 amiospheres (Cohen, Zeil^ch. E/dirorhSin., 1913, 19 , 132). 

^ Kahlenberg, J. Ikysical (i/icm., 1900, 4 , 349 ; Skinner, Er(f, Jssoc. Ee/wt, J 901 

^Rayleigh and Sidgvdek, Ehil. Trails., 1884, 175 , 411 ; F. andSV, KoldrausclT, filled.' 
Annalcn, 1886, 27 , 1 ; Patterson and Culhe, Phys. %vieiv, 1898,7, ; Kahlif, Wied, 

Annrden, 1S99, 6% 1 ; Rir-hard'^, Collins, and Heimrod, Pioc. Amer. Acad., ]89fi, 35 , 129 
Richards and Heimrod, ibuL, 1902, 37 , 415; Richards, ihld^ 1908, 44 , 91 ; Guthe, Phys, \ 
Jkview, 1904, 19 , 138; Van Dijk and Kuiust, Ann. Phystk, 1904, 14 , .'■.69 ; Van Dijk.tW."' 

1906, 19 , 249 ; Smith, Mather, and Tfnvry, Phd. Tran^., 1908, A, 207 , 545 ; Laporte and 
de la Gorce, Bull.Soc. internal. Elertrictens^ldlO, 10 , ii. 157 ; Jaeger And von Skinweiir 
Zeitsch. Instrinneiuenkunde, 1908, 28 , 327, 35;^; Ro^te, Viiml, and ^rDani(4, 

Bureau of Standards, 19,^1, 8 , 367 : Dnschal^ and Hulett, Trans. Amer. Etectrochem, Soe'* ■ 

1907, 12 , 257 ; Foersterand Eiscnreich, Zeitsch. 2 >tiysikal. Cavern., 191 1, 76 , 043. ; * 
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the uni-univalent, uni-bivalent, and bi-bivalent salts respectively.' With" 
substaiicflLS, sucli as ammonia, which in aqueous solution have very small 
. equivalent conductivities the influence of concentration is enormous, and the 
„data, even for very diln'Cc solutions, do not indicate tliat a limiting value is 
being approached; from indirect evidence, however, this is assumed to be 
the case. 

Kohlrausc^i observed that the limiting values of the equivalent con- 
ductivities of electrolytes could be represented in each case as the sum of 
{two independent quantities, one depending solely on the anion, the other on 
the cation ; these parts are called ionic conductivities. The values for a 
number of ions arc given in the accompanying table; tfhe diflerences between 
the two series of values for 18" and 25" give an idea of the rate at which the 
conductivity of an electrolyte changes with temperature.*'^ 

TABLE OF IONIC CONDUCTIVITIES. 


Ion. 

18°. 

25°. 

Ion. 

18°. 

25". 

Ion. 

IS". 

25°. 

Cs’ . . 

GS-0 


ir 


314-5 

3.10-0 

r. 

66’() 

76*5 

Tl’ . 

^ Jf. 9 

70-0 

i>b” 


60 8 

71-c 


65 5 

75‘8 

Nil/ . 

7 


I’m” 


• 4 

6.1 ’2 

NO,' . 

61 8 

70 -6 

K‘ . 

04 0 

74-8 

Ca” 


51 -9 1 

CO'O 

BiO/ .« . 

47-6 

51-8 

AgV . 

Na’ . 

54 0 

63 '4 

M-’ 


15 9 

55 0 

so/ . 

68 5 

80-0 

43*4 1 

51-2 

Cu” 


15-9 ! 


F/CNV" 

95-0 

110-5 


The preceding regularity, known as Kohlrauschis Law, is assumed to hold 
good in all cases. On this assuuqition it is easy to deduce indirectly the 
values of Ajq for such substances 'as ammonium hydroxide; ej/. in the case 
mentioned, the required limiting value is the sum of the ionic condu^i ivities 
of the ammunitnn and hydroxyl ions, and those can be obtained from data 
supplied by other salts for winch A^ may bo directly, determined. 

Migration of Ions; Transport Numbers.— In, accordance with the 
view already explained, electrolysis is considered as a process resembling 
• convection, a coiFtant streqni, of cations moving with the currcj^t and carry- 
ing positive electricity to tlie cathode, and a stream of anions conveying 
iSOgativo electricity in the opposite direction. In the interior of an electrolyte, 
tbeyefore, the total current is the sum of two currents which may be termed 
!tbe cationic and anionic currents respectively. Although the cations' and 
anions are discharged at the electrodes in the ratios of tlieir chomicld equiva- 
lents, it does not necessarily follow that the cationic and anionic f’urrents are o 
’/eiqual; their relative maLUiituJcs depend upon the speeds of the cations and 
'\anions, which in general are not equal. '■ 

^ , The .•xlative speeds of the ions in a given "olutioYi may be determined by 
- jpassing^a measured quantity of 'electricity through the solution and estimat- 
‘ fng the ch. 9 mges in concentration in the portions of the solution immediately 

. 1 ^ A uni-uniwlent salt yields two univalent ions, <:,g. NaCl yields Na' and Cl' ; a xini- 

^ MvaJent salt yields two univalent ions and a tivalont ion, e.g. Na 2 S 04 ''yields 2 Na’ and 
I3aCI_, yields Ba" aqd 2 O’'; Abi-bimlent salt yields two biValent ions, e.g. 
';^GuS 04 yields Cii” and SO/, etc. ^ ^ 

For values at tcnqwiatures between 0“ C. and 160° C. see Joliuatb'n, J. Amcr. Cheni. Soc., 

1010. 
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Btirrounding the electrodes. The first measurements of'this kina wore mads 
hy HittoriV who correctly interpreted them us indicating tluit ,*the io&a 
moved with different speeds^ For details of the experimental methods, 
which have to be adapted ^.o suit particailar eases. i;i'ference must bo made 
to other works.“ The relative speeds of the anion ;md cation are proportional 
to the ciianges of concentration around the cathode and anode n'spectively, 
■provided that care is taken to prevent mechanical mi'ing, ,'^'1 that the 
experiment is not prolonged for a sufficient length of time to lead to a change 
of concentration in the middle portion of the solution. 

The results of migration exjiorinicnts anj expressed by means of immport 
or tmiuferonce numbers. For the ions of a given electrolyte these, nnnibers 
arc such that (i.) tliey are jiroportional to the relative speeds of the ions, and 
(ii.) their sum is unity. They therefore represent the cationic and anionic 
currents as fractions of the total current. 'J'hc transport nnmb('rs for the 
ions of a uni univalent electrolyte are, in dilute solutions, praeticah/ mde- 
pendont of the eoneentration, and the same is true for uiii bivalent elcetror 
lytes, with the exception of the halides and sulphates of the bivalent metals, 
for which the cation transport number steadily inereai^es with the dilution. 
With rise of temperature, transport numbers above O'f) decrease, and those 
below 0'5 incroase, so that tlie difierenee between llie sjieeds of tlie ions ol 
an electrolyte diniimshes with rise of temperaturi'.^ u 

has })cen reinarkkl already, since an electrolyte obeys Ohm’s Law, it 
follows that the i»peed of an ion is proportional to the potential gradient 
The speeds U and V of the cation and anion under unit jiotential gradient 
(one volt per cm.) arc called the mobilifies of the ions, and, on the eonvcctivi 
view of electrolysis, it may he shown that 

k = 9G,500>,(U + V^, 

in which k and t; are measured in the units, already stated, and U and V In 
*cms. per second. Now, the transport numbers are ])rof>ortional tp IJ and V ; 
hence, by combining them with measuremeiits of k and it'is p(»ssiblo to 
calculate the mobilities oj* the ions. 

The ionic mobilities thus deduced are very sniflftl, amojinting to only a 
few centimetres pet hour, and they are found to iuerc'asc! with the dilution, 
approaching, however, toward^ limiting values, ,/rius will h^at once evident 
from what has been stated already concerning the variation of ^/7/, the 
equivalent conductivity, with the dilution. Moreover, the limiting J^'aille for 
the ionic mobility of, say, the chlorine ion, i.s found to be the same for all 
slecti’iilytes in which chlorine is the anion, ie. it is indcpendeiil of the nature 
of the cation. This is only another way of cxpresf^iig Kohlrausch’s Law, 
which is thus soon to be in accordance with the convective view^ of electro- 
lysis, ’provided that the 'ions arc supposed to ^jossess complete migratory 
independence. ^ * 

The preceding e(]iiaiioj», for (vvtremoly dilute solution, J^eeomeS’ 



1 Hittoif, foyg.^A,flialm, ^ 9 , 177 ^ 185th 98 , 1 ; 1 S 6 R, 103 , 1 , 185ii, i^o 6 , 8|7;r 
513 ; Ostwald’s K^ssiker, Nos. 21 ami 23. , ^ 

^ if. g'. tl)C woiks mentioned on pp. 201 and 2i)4. ** * . . 

^ For a collection of tie available data oit* tian!:[Knt nuinbci.s, and a cnlical discussion, 
yf the satoe, vide Noyes and Falk, J. Amer, Cheni^ Soc., 1911, 33 , 1436. 



ClCohlrausch’s ionic conductivities are therefore 96,500 ana 96,"500''V’^^; 
'In order //) express the conductivity of a solution of finite coiiccAtratiori in ; 
^erms of U^j and V^, the equation must be wi^jtten 

1. K=.96.r)00,y(U^-l-V^X 

in which y is a proper fractum, which varies with y; its significance will be 
discussed late;;. 

■ It remains to b4 mentioned that iouic mobilities have been '’ineasured 
^irectly by various experimenters, with results in good agreement with those 
/ calculated by the method outlined above; owing to lack of space, liowevor, 
\tho reader must be referred to *other works or the original memoirs for 

^details of the methods.^ '' 

( 

i The Theory of Dilute Solutions. 

In 1885 Van’t Hoff^ pointed out tliat a remarkable analogy existed 
between dilute solutions exerting osmotic pressure (p. 124) on the one hand, 
and gases under ordinary pressures on the otlier. lie arrived at his results 
by thermodynfiuiic reasoning, the conception of a somi-pcrmeable membrane 
(p. 123) rendering it easy to apply the second law of thermodynamics to the 
investigation pf the properties of solutions. 

In the case of a dt'lufe solution of a perfect gas in it solvent, the solubjlity 
conforming to Henryks Law (p, 101), the following remaHcable result was 
dedticed ; — 

The osmotic pressure exerted hy the substance in solution is equal to the 
pressure that the substance would exert if it existed in the yaseous state at 
the temperature of the solutior^^ and occupied a volume, equal to that of the 
solution. ^ * ' 

'/ Accordingly, at constant temperature the osmotic pressure of the solution 
is proportional to the •concentration ; at constant conconiration the osmotic „ 
pressure is ‘pnoportional to the 'absolute temperature; and, if T, T; and V 
denote the osmotic pressure, absolute temperature and volume of solution 
containing one g^jam-molJculc of solute, then 

PV = RT, 

Avhere R is the ordinary gas constant (p. 27). 

Van\ Hoff’s deduction amounts to an extension of Avogadro’s Hypothesis 

■ to dilute solutions, and may be put in tlie form that equal volumes of all 
‘'■^ilute solutions which, at the same temperature, exert eijual osmotic^ pres- 
sures, contain equal numbers of molecules of solute; this number^ moreover, 
being the same as the number of molecules contained in an pcpial volume of ' 

perfect gas at the same tcpiperature and under a pressure equM to that of 
the osmotic pressure 'of the solutions. ' » 

. Thq preceding generalisation, theoretically deduced for dilute solutions 
iiOl per^pet gases, A^as assumed % Van’t Hoff to hold good for dilute solutions 
all soli^tes. Pfeffer’s measurements of osmotic pressures (p. 124) supplied 
valuable confirmation of <this assumption, but were not very numerous. 

^ Vide the works cited ou p. 204, and Whetham, l^nU, Trans., IGOS,^, 184 , 337 ; 1895, ' 
A^lSd, b07 ; Massott, Hid., 1899, A. 192 , 33? ; Steele, ibid., 1902, A, 108 , ,106 ; cf. Lewis, 

M Amr. ChS,n.. Soc., 1910, 3 ^, 862. ♦ _ 

V 2 Van’t Hoff, K. I^venska. Vet.-Akad. H(tddl., 1885, 21 , 38;,^fd^sc^. physikal. Chemf^l 
I, 481 ; Phil. Mag., 1888, [v.], 26 , ,81. 



means of the laws of thermodynamics it is possible to connect the 
■'^Osmotic pressure of a solution with its vapour pressure ^ and freezi:<g*point ; 
, hence the accuracy of Van’^ h^otf's views maybe test 'id from measurements 
ojt vapour pressures and freezing-points, which are x less ditlicult to deter- 
mine experimentally. This course was adopted by Van’t HotT, wlio showed 
that if his theory were correct, then all the laws relating to the lowering of 
the vapour pressure (p. 114) followed as a necessary consequene'f. Moreover, 
he proved that Kaoult’s “molecular depression of the freezing-point” o^ a 
solvent 2 should be equal to 0‘02T'-^/L, T being the absolute teinpcrature of 
freezing, and L the latent lieat of fusion ^)f the solvent in cah)ries, 4'he 
following results suppled the experimental confirmation of this decluc;tioi\ : — 


Solvent. 

T. 

b. 

•02 P 
h ■ 

Raoult’s 

Molecular 




Depression#'^ 

Water 

273-0 

79 

18-9 

18 T. 

Acetic acid .... 

289 7 

43-2 

3S 8 

38 6 

Formic acid .... 

281 -5 

55-6 

28 4 

•27-7 

Benzene . ... 

277 9 

29-1 

53 

i .60 

Nitrobonfionc .... 

278-3 

22-3 

69 5 

1 70-7 

Ethylene dibromide . 

. ... .. 6.^ 

280-9 

12-94 

122 

1^7-9 


Van’t llolfs theory is therefore seen to hold good for dilute soluti^^ns, 
and Kaoult’s Laws receive a theoretical interpretation."' 

It is desirable to ^‘xplain more fully what the term “dilute” really 
signifies. A dilute solution, to which Van’t Hoifs theory is strictly a^iplieablc, 
must be such that its^vohyne docs not diher ap^ireciably from tlio volume of 
the solvent contained in it, and the hcat^of dilution must be yih lii ma^y 
solutions to which the term “dilute” is usually applied, e,g. tenth-normal 
•solutions, these conditions are by no means fulfilled j in particuliy, the heat 
of dilution is frequently appreciable, and molecular weight determinations 
made with such solutions may therefore be considerably in error when 
deduced by the usual fonnuhe given in Chap. IV.^ # 

A complete thedry that wdl include concentrated as well as dilute solu- 
tions within its^ scope still rom.aius to he formulaU^cJ, Attemj^ts towards the 
solution of this problem have, however, been made by introducing the con- 
ception of an “ ideal solution.” The general characteristics of such ?FHolution' 
are: (i.) the number of different kinds of molecules present is equal to the 

^ For thc»exact couueclion, bco Ucikck-y un<l lliirtlfy, Proc Roi/. Soc., fyOfi, A, 77» 
156 ; Phil. Trans. A, 206 , 481 ; 190S, A, 209 , 177 ; Sjjetis, Proc. Puy. Sue., 1906, 
A, 77 , 2 U ] Potter, Proc. Pwy.,Soc., 1907, A, 79 , 519 ; 1908, A, 80 , 467 ; Calleadar, PrOm 
' 1908, A, 80 , 460. ‘ , • • , 

1' ^ The depression produced hy 0110 gram-iuolccule of solute in one lunidnd grains of 

, solvent, see p. 122 . • . • **•.*.., 

^ “ ®*rranslation.s of Van’/. Iloff’si and Raoult’s }»apei.s ’^ill be found iit Harper’s Se^Mtijic 
'.r^einoirs, 1899, No. 4. , ^ t 

^ ■* JSor example, the molecular weight of sodium in ineicury solution was found Ry vapour^' 
pressure measurements (Ramsay, Trans. Chevi. Sue., 1^89, 55 , ?’i3)to ho 16 5 in a solution 
{ Containing 1 gram atom of sodium to 36'8 grum-molecules of inu'cury ; Iho conectiiyir 
/ necessary, owing to the ft,ct that the hfat of dilufion of the solutiem is far from negligible, 
about 6-2 (Bancroft, J. Physical Chem., 1^06, 10 , 319), wlience tin* concctcd fc^(t is 
showing that sodium in dilute solution mercury mcinatomic. 'Wie demtiou 
“ found by Ramsay may explained on tl# asssumption that the, combination occurs 
hbetween the sodium and mercury, 

^OL. I. U 
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number of constituents of tlio solution ; (ii-V the physical properties of the- 
solution^arc connected with the physical properties of its constituents in the 
pure state by the equation-- , ^ 

' ' X = .rN + x'N' + + . . . 

in which X is the moleciilar property in (picstion {e.g. molecular volume, 
molecular refraction, etc.), x x" . . .) the molecular property of a con- 
stituent in the pure* state, and N (N', N". . . ) its mol fraction ; ^ al^d (iii ) the 
partial vapour pressure jj of a constituent having a mol fraction N is given by 

# 

Pq being the vapour pressure of the pure sul)stance in 'die liquid state at the 
, same teinporatura. t)uite a number of solutions are known, the physical 
properties of which, over a considerable range of concentration, agree well 
witi^»4)iose deduced from the conception of an ideal solution. ^ 

An ‘‘ ideal ” solution, to which the preceding characteristics apply, must 
be an extremely simple kind of solution, in which solvent and solute mix 
without change of volume or liberation of heat to produce a solution in which 
the components are present in their normal molecular state, association, 
dissociation, or combination not having occurred. The eytent, then, to 
which the properties of a solution deviate from those of the “ ideal ” solution 
may be expected to throw considerable light on the mature of the processes 
operative in solution ; and from this point of view strong eyidence has already 
been forthcoming of combination between solute and solvent in numerous 
instances with the ])ro{luetion of “hy<lrates” or “ solvates'’ in solutirn.^ 

lleturning to the consideration of dilute solutions, It slioidd be noted that 
the solutes with which Raoult worked were mainly qi-gatiic substavices, aa 
also were his solvents. Occasionally a solute war hnet with which e hibited 
a “moleculai- depression” only about one half the normal value. A simple 
explanation of this isrto assume that the molecules of the solute arc largely, 
associated i-ii^ pairs in the solufiion, and that each “complex” produces the 
effect of a single molecule. With aqueous solutions, although a large number 
of solutes exhibited tliertiolecular depression 18*5, even more gave a depres- 
gign of about twice this figure. At first sight it would 's(V*m that the higher 
figure was the normal depression and tha^ the solutes, mainly organic 
substances, giving a depivs^>ion of 18-5, are abnormal, being '“associated” in 
aqueous solution; but the value 18'5 is the normal figure calculated from 
Van’t Tloff’s equation, and it is therefore the higher figure that needs an 
explanation. As has been already mentioned, this was supplied by Arrhenius * 
shortly after the publication of Van’t llotf’s theory. Ho pointed out that 
the abnormal solutes are mainly salts, inorganic acids and bases, aqueous 
o. solutions of which, in contradistinction to the solutions of normal substanceti, 
are conductors of electricity ; and he suggocted that in acpieous solution the 
molecules j)f acids, bases, and salts are largely “dissociated.” The Theory of 
Electrolytic Dissociation, proposed by Arrhenius, will now be discussed. " 

' The' mol fraction of a constituent is equal to 1/ath of the number of niolcciilea-^of the 
constituent present in n molecules ortlie solution. 

' ® See van Laar, Zeilsch. 2 )JiysikaL Chem., 1894, 15 , 457 ; Lewis,/. Amir. Chem. Soc.,, 
1908, 30 , 668 ; Washburn, thiil., 1910, 32 , 653. 

* Sl^e e.f/. Waihbnrn, Tcchnoloqy Quarfrrlj/, 1908, 21 , 360, or rlahrh EaJioakliv, 
Sl€^ifonik,fi'>l{}0S, 5 , 501 ; Callenda'r, Pm. Roy. Sor., 1908, A, 80 , 466 ; Zcitsch. physikal 
'Chem., 1908, 63 , 641 ; and also tlic section (?n hydration that ocwirs later in this chapter, 

* Arrhenius, Zeiisch. physical. Chem., 1887, l, 631. 
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ACIPS, BASES,. AND SALTS. 

The Theory op ELECTitoLYTrc Dissociation. 

Introductory. — From tho fact that (with non polaiisablc electrodes) 
)hm’8 Law holds good in tlte case of electrolytes w’^i^^ever the magnitude of. 
;he electromotive force applied, a very important result follows : in the 
nterior of an electrolyte, no measurable amount of chemical work can be 
iccomplishcd by the current. The generally accejited oxpbniation, first 
idvanced by Clausius,’ is that the function of the currenf is merely directive,, 
5ontrolling the directions of motion of ions which are already present in the^ 
lolution in a state of migratory freedom. 

Tho products of electrolysis a})pear sin^ultaneously at tho electrodes as 
joon as the current flSws, no matter how far apart the electrodes may be. 
From the very low values of the ionic mobilities, therefore, it follows that the 
first ions discharged cannot have been in combination with oiu* another at 
the moment preceding tho passage of the current. The eaily hy^^ -/tifcsis 
iue to Grotthus^ regarded the current as actually deeomjiosing into ions the 
molecules of solute in the immediate vicinity of the ele<‘trod('H, the inter-, 
mediate molecules then exchanging partners ; the following scheme sutficiontly 
illustrates the idea ; — • 



Fio. 72.— -(ijrBj'foiv cuiieiit; (n), (iii), (iv), (v) occur suc(;pf>si\f]y wlicii cunviit 
llow’s, aftd this pmeoss is ciutiiuK'UiJy repe.iU'd. 

• • • 


Faraday, however, dispro^md tliiis idea by showing IhaUtlic debt T it# fffi'ces 
were the same everywhere between the poles, v • 

(ilausius pointed out that on the hypothesis of Giotthus it shoiikl lot bo 
possible to pass a current through an elecPi-olyte ^intil the electromotive 
force applied exceeded a certi^n finite value - a conclusion that is not In 
harmony with experiment. He sup[)*)sed that the molecules of somite are' 

^ 

‘ tlausius, Pogif. Anrflulcn, IStf, lOl, 338. , 

- QrolUius, A}in. Chim., ^806, 58 , 5gl. 



'aiWkys moving about in the solution in a most irregular hianrier/being'^tivbaH, 
■first one way and then another by collisions with other molecules. As thd"’*' 
result of collisions between molecules moving with speeds in excess of the.: 
average, some of thesctniolecules get broken up i(ito part molecules carrying 
electric charges, i.e, into what have 'already been termed ions. Collisions 
between oppositely chargetl ions lead to the re-formation of a certain number 
of molecules^ but this is compensated for by the further breakdown of other 
molecules, so that a certain amount of the solute in a conducting !iolution is 
to be regarded as existing in the form of ions. When an electric current is, 
passed through the solution, it simply causes the cations and anions already 
present to drift in opposite di/ections towards the electrodes; the undis- 
Bociated molecules by their impacts supply more ions, Svhich in turn travel to 
the electrodes, and so on. This theory is purely qualitative, giving no idea 
of the extent to which dissociation occurs, and the assumption of quite a small 
degree, of dissociation is sufficient to account for the fact that Ohm’s Law holds 
for conducting solutions. 

The ideas of Clausius were developed into a quantitative theory by 
Arrhenius,^ whoso theory of oleetrolytic dissociation is now generally aceeptod, 
at any rate as a valuable working hypothesis. Arrhenius supposed that the 
molecules of acids, bases, and salts are, as a rule, largely dissociated into 
their ions ii^ dilute solutions. For instance, a solution of sodium chloride 
will contain a certain percentage of solute as ordinary molecules, but the 
remainder (and larger proportion) of the solute will be spli,t up into the ions 
Na* and Cl'. The undissociated molecules take no part in conveying thfy" 
electric current, the current being, in fact, due simply to the motion of the 
electric charges associated with the ions. ® 

On these assumptions it is possible to arrive at a measure of the degree 
of dissociation of a substance in solution from •jbuductivity measurements. 
Imagine two ‘large, rectangular, parallel plates to serve as electrodes, placed 
• 1 cm. apart, and suppose 1 c.c ol an electrolyte containing 1 grarn-equivalenV 
of solute iA u c.c. of solution to«be placed between the plates, the oolumn of 
, electrolyte having a uniform cross-section. The conductivity of this solution 
will be K, the specific c(Mductivity. If, however, the entire v c.c. be placed 
bot.wcen the plates, the conductivity measured is equaHcv t’K or Kj-q, i.e. to 
'' the equivalent conductivity of the solution. *With a potential difference of 
1 volt between \he»platetij t'he conductivity will be numericaKy equal to the 
current^: and this, according to the viow,s of Arrhenius, will be proportional 
to tlie number 6f ions supplied by the gram-molecule of solute, and to the 
mobilities of the ions. The latter, of course, depend on the resistance offered 
to the passage of the ions through the solution, i.e. they depend on, the 
viscosity of the solutido. Now, the viscosity of a dilute solution only differs 
*^rom that of the solvent at the same temperature by 1 oi^ 2 per* cenif., 

, and hence the mobilities of the ictus may, in dilute .solutions, be regarded as 
pKV'.ticajly independent of the concentration. T)m important conclusion is 
’htliere/ore reached Hhat the v^iriatiou of tlie equivalent, conductivity A. 'of a 
^ solution with the concentration is due almost entirely to a change in the 
number ‘of ions fiirnisbqfl by 1., gram-equivalent of the solute. Accord’fngly, 

' amce A. increases as the concentration diminishes, the degree of dissociation 

• ^ Ah'lienius, Z^tsch. phy.sikal. Chem., U87, l, Col ; Harper’s Scientific Memoirs, 1899, 

' No. an uiteresting account- of th 6 development of the theory ig given by Arrhenius hinj^ 
^>^self in J, Amer. Chem, Soc., 1912, 34 , 3o3/.and in liis Faradaj^ Lecture to the Chomica 
.^Society {Trans, Chem, Soc., 1^14, 105 , 1414). 
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electrolyte must increase with the dilution, until, in extremely dilute 
Solutions, the dissociation is complete. 4 

The preceding cousiderati )ns concerning ionic mobilities justify the 
method (adoptt'd on p. 208*) of expressing the oqu. vulent conductivity of a 
dilute solution in terms of the ionic mobilities nt infinite dilution, by the 
equation — 

X = '^=.9(),r)00y(IJ^+V^); 

• V 

and since ^ == 96,500^U^ + ), 

it follows that * ^ = 7^oo- 

Now X and X^ have been 'shown to be proportional to the numbers of 
ions furnished by the gram-cqui valent of solute in the respective solutions, 
and since X^ refers to a solution in which dissociation is complete, it^s clear 
that y must represent the fraction of the solute dissociaU'd iu tlie solution of 
equivalent conductivity X; in other words, y is the (le(jree of dmociation (A 
the solute. H(mce the percentage amount of the solute clissogated into its 
ions in a dilute solution of e(piivulcnt conductivity X is equal to 100 y, where 



.This relationship vfas deduced by Arrhenius.^ 

■ Degree of Dissociation of Salts. — The degree of dissociation of ideolro- 
lytes, as determined 1^ conductivity measurements, may now he hrieily dis- 
cussed, the values at the ordinary temperature (18** C.) being dealt with first. 

So far as salts are cojicornod, a general wile may h(^ stated ; with few 
exceptions, salts of the samS ionic type-* are dissociated to very nearly the 
same degree in solutions of equal conceiitiiitions.** Accordingly, it is only 
•necessary to quote the results for a fvw typical salt^ ; this is (|oije iu the 
following table {cf. the values of y given on pf 205) • 

PERCENTAGE* DISSOCIATION OF SAtTS AT^ i8* C* 


Normality 

of 

* Solution. 

Sodium Lithium , Calcuun 
(Jhlortde, 1 lodate, j Nitrate. 

. 1 1 

Potassium 

Sulphate. 

Lantliauum 

Nitraio. 

Copijor 

Slilphato, 

Lanthanum 

Sulphate. 

0-001 

977 

97*0 

96-4 

95-4 


86 "2 


o-ooc 

96-9 

95 8 

i 93 7 

93 7 

90-2 

80-4 

46‘4 

O'Ol 

• 93-6 

9T2 

' 87 6 

87 2 

ao -2 

62 9 

* 28-9 

0-06 

88 -2 . 

83-4 

1 78-1 

77-1 

70 '1 • 

45 5 

19’8 

• 0-1 . 

8S-2 

78-9 

1 73-1 

72 2 

... 

39 6 

i 

0*2 

8T8 

74-0 

67-9 , 

67 '3 « 

• 

• 35-1 


0-6 

77’3 

68*2 

60-9 

61 -8 

... * 



TO 

• 

74-1 i 

64 '3 

i* 64-9 * 

59 2 


1 ^0-9 

• 

• • V • 


A normal solution contains 1 giarn equivalent of solute per litre • 


^ For a correction to allow for cluinge of viscosity with change of concentration, see 
Wa&hbum, J. Am&r. Chem. Soc., 1911, 33 ^ 1461; Green, TraTis. Chem. Soc^ 19C|^, 
.93i 2049, • ^ Cf. footnote on,p. 206. 

f , * The latter being measured in gram -equivaleilt.s per unit ^>lurae. 

V * Taken from the collaction of datagiyen*by Noyes and Falk, J.- Amer. Chem. Soc., 
:m^ 34 » 464 . 
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V The halide salts of the alkali metals all give values very clqpe to th.os§. 
quoted for sodium chloride, whilst the nitrates, chlorates, bromates, and 
iodates are dissociated to very nearly the sfime extent as lithium iodate' 
(rather greater, as a 'rale). The figures for calcium nitrate are typical of 
those of the uni-bivalent ,^alts of bivalent metals, with the exceptifm of a 
number of mercury and cadmium salts, for which the dissociation is 
abnormally small;, the values for potassium sulphate arc chara(jtcristic of 
those given by uni-bivalent salts of dibasic acids. It will be noticed, by 
comparing stilts at the same (e(piivalent) dilution, that the degrees of dissocia- 
tion of salts yielding a univalenbion decrease as the valency of the other ion 
increases ; but that oven a uni-tervalent salt is more Itargcdy dissociated than 
a bi-bi valent salt, pvhich, in its turn is dissociated more than a bi-tervalent 
salt. The degree of dissociation of acids and bases will be discussed 
lat^ (p. 219). 

'Tlib- variation of the degree of dissociation of an electrolyte with the 
temperature has been investigated by Noyes and others for a considerable 
■ number of substances, at temperatures between 0” and .306” 0.^ In general, 
the degree of, dissociation, at a fixed concentration, slowly decreases with rise 
of temperature, the rate of decrease increasing as the temperature rises ; the 
values at 0" C. and 18” C. do not diiler appreciably. ^ 

Degree Of Dissociation from Freezing-poipt Measurements.— 
It was pointed out by Planck, ^ shortly after Van’t Hot! had pnblisbed bis 
iuyostigaiions on osmotic pressure, that the abriormaTly great osmotic 
pressure and other correlated physical properties of dilute solutions of electro- 
lytes reijnired the hypothesis of some form of electrolytic dissociation. These 
properties de[)end upon the number of solute molecules per unit volume of 
solution, and not upon their nfdure, and Arrbenius.assifmed that each ion in 
solution produced the same osmotic effect as that of an ordinary molecule. 
Accordingly, in very ililute solutions of electrolytes the molecules of which 
produce tw,o ions, the “moleculp depression” of the freezing-point should be 
exactly twice the normal value, deduced from measurements with rion- 
electrolytcs, or calculated from Van’t I loft's formula ; solutes the molecules 
of which yield three ions, should give three times Hve normal depression, 
"ana so on. „ 

In extremely clihite .solutions, accurate determinations, of molecular 
depressions of the freezing-point are very difficult, hut, employing the refined 
method 'of diflerential platinum thermometry, Griffiths and Bedford^ have 
determined the molecular depressions for a number of electrolytes. The 
normal value for arpieons solutions, calculated from Van’t Hoff’s formula, 
is 18-58” C., and (tri^^ths actually arrjvcd at this result for Solutions of 
^ g^ne sugar beUveen 0 02 and 0*0005 molar. Extremely dilute solutions o,f 
potassium chloride ;gave a< molecular depression almost exactly twice this 
value, ^ and Bedford obtained depressions of twice’ the normal value with 
potfissiuM permanganate and magnesium eiilpliaVe. Barium chloride „and 
sulph'aric acid gave almost exa<ctly three times the normal depression, whilst 
' with potassium forricyanide four times the normal depression was actually 


Noyes anff others, Ccirnfgie Institution Puhlicalions, 1907, No. 63 ; J. Amtr 
'Jhent>.’Sor..,im, 30 , 335 ; lp09, 31 , 987, 1010 ; 1911, 33 , 795, 1423. •’ 

® Planck, Wied, Annalen, 1887, 32 , 499.,,, 

® Bedford, Proc. Roy,. Soc.y 1910, A, 83 , 454. 

* Le. within the limits of ©‘xperimentef error. 
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ol)served. “ These results are excecdinf^ly interesting and significant, bcih 
' exactly what would be expected according to the views of Arrhenius, 

Owing to dissociation bciuL* incomplete in ordinary solutions, the^iolecula 
depressions will not be cxaiW,1y twice, thriee, etc , tl’c uornial volue, but soun 
what less, and from the observed values it is pus ible, as Arrln’iiius pointe 
out, to calculate the degrees of dissociation of the solules, and thoreb 
institute a comparison between the results obtained ui tins manner and 
those deouced from conductivity measurements. If molemiles of a 

solute are dissolved in water, and n molecules dissociate, each yielding k ions, 
the osmotic ])rossuro will be proportional to m-\-nk instead of ni + n. The' 
degree of dissociation^ will be eipial to • 

n 

in + n 

Now the ratio {m^nk) : (m f/i) is cipial to the ratio of the obsm’ved tpole- 
cuhir depression to the normal value, and is usually denoted by i, ffence 

m -b n m y n in H- n 


or 




i~\ 

ITV 


Tn order to illustrate the nature of the agreement between values oi y on- 
tained in this wa/, from freezing-point measurements, and tliose derivial froia 
conductivity measurements, the values of i may be calculated from the values 
of y given by tlie rehirfiionship 


A 



and these values of i compared with thos^ actually measurodr This is ddne 
for a number of typical salts in the following tabh' * 


COMPARISON OF .VALUES OF i DERIVED FROM FREEZING- 
POINT (f.p.) AND CONDUCTIVITY MEASUREt^ENTS (cj. 


N ormal 


o-oor. * 

O'Ol. 

0-02. 

o* 

, O’lO, 

0 20. 

ri0 

0'50. 

KCI . 

. f.p. 

1-96 

1 91 

1-92 

1'89 

1-86' 

1 83* 

1-80 


c. 

1-96 

1 94 

1-92 

1-89 

1 -86 

1 83 

178 

HatS., . 

. ff.. 

.. 

2 •76 

2-71 

2 64 

2 58 

2 5 ‘2 


« 

c. 

• • 

2 77 

2-70 

2-60 

2-52 

2-4 4 


Pb(NO,), , 

• . f p. 

2 7S 

2-70 

2-61 

2 ir. • 

2 30 

2 -14 

1-85 

• 

c. 

*rn 

2-69 

2 .f.'J 

2 12 


2 12 

r9V 

batNO^b . 

. f p. 

... 

» 

» 

% 23 

’ ..vi'j 

3-07 



c. 




3 lit 

1 2-99 

2 83 


'wCNb . 

. f.p. 

«68 

• 3 60 

3 33 


1 a 

• • * 1 



•c. 

l-fil 1 

1 3-48 

0 

... 

i _ • 


, ... 

MgSO^ 

. fp 

1 69 

1 -62 

1 r>i 

1-12 

1-32 

1-22 



1-74 

1 67 

1 GO 

1 51 

1 -50 


.i. ^ 

Ca^FotCNle . 

. fp 



• 

, rf)f 

! 1 40 

1 -30 


• 

1 ••• 1 

i 


! 1T)5 

' 1 -.50 • 

1'47 



^ Adapted from the^ata compiled by Soyes and Falk, J, Jim'r, f'ltrm, Soc,, 1912, 34,' 
,486 ; also 1910, 32, 1011. • ^ 




- will be seen at once that the two methods do not give identical resiilt^^' 
'Vpd the differences as a rule are considerably greater than possible differenceC- 
>'due to e.Vperimcntal error, particularly with salts which yield polyvalent ionS, 
The general parallelis|rn between the two serii;,s of results is, however, 
unmistakable, and the Values clearly iifcrease with the dilution towards the 


theoretical values for complete dissociation, although ,dio value of i for 


calcium ferrocyauide in 0 05 normal solution is far from the theoretical 


value 3. 


It is beyond the scope of this work to enter fully into the various causes 
* which may possibly be responsible for the discrepancies observed between the 
two series of values. A short aceC/Unt dealing with hj/dration and iniermediate 
and complex iom only can bo given. It should, howevOr, bo mentioned that 
oven with uni-uni ralent salts for which the agreement is good, the result is 
. almost certainly due to a compensation of errors, the undissooiated molecules 
having an abnormally large, and the ions an abnormally small osmotic eflPect. 
Furlhe^, the existence in solution of double molecules of a solute such as 
Mg2(S04)2, for example, would lead to values of i by the freezing-point method 
'Smaller than would otherwise be the case. 

Intermediate and Complex Ions.- Hitherto it has been assumed 
that the dissociation of salts of the types XClg (XBrg, X(N03)2, etc.), YoSO^, 
*aud XSO^ follow the simple schemes XClj— ^X’* + 2Cl', >’2Y’ -f 

■ and XSO^—^X’*’ -hSO/. ft is, however, possible that salts of the first, two 
types may dissociate in 8tage.s, thus (i.) XCh—^XCl* -f Cl', (IIh) XCl’— >X’' -f Cl' ; 
and,(i.) Y2fS04— > Y' -f YSO/, (ii.^ YSO/--^Y‘-l- 80/' ; and that therefore the 
intermediate ions XCl* and Y.SO^ exist in appreciable quantity in moderately 
‘.dilute solutions. Or it may bo that complex molecules di salts of the first and 
third types, such as. X2CI4 and X2(804)2, exist in the solutions, and dissociate 
according to the schemes X2CI4— »X*’ + XCl/' and 

furnishing complex ions XCl/' and X2('804)2", which dissociate more and more 
'.with increasing dilution according ‘to such methods as XCl/'— J^X” -f 401' and 

.-X(S 04 ) 2 "-^y ';+2 SO/'. 

Werner^ was one of the first to recognise the existence of complexions 
and to realise their impm’tance in electrolytic dissociation. Ilis researches 
- and theories will ^)0 discussed in Volume IX. in connection, with the complex 
oVbaiiammines. • 

^ ' It is not difficralt to seedhat if moderately dilute solutions of salts contain 
appreciable quantities of complex or intermodiato ions, the transport numbers 
'’ Of the iofis shonid in all probability vary with the dilution.^ For a large 
number of nni-bivalent and bi-bivalent salts the transport numbers oj the 
' idns are practically independent of the concentration up to 0*2 nonpal, which 
may possibly indicate tlio absence of intermediate and complex ions to any 
,, appreciable extent.^ The transport numbers of the halides and sulphates of' 
%ivaIont metals, how,ever, dfecrcas3 steadily and r.-^pidly with increasing 
^concentration, which may ''be accounted for by assqming that complex ions, 

, such hs HaYii/' an(J CNlg(S04).,", are formed iif considerate quantities at the 
’ higher toncentrations. 

U' ' 'At present it is not possible to determine with accuracy the extent to 


^ Wernar, Jfeitsch, ano7'gf. C'Aem., 1893, 3 , 294. ' ... nv 

^..The i/Qn Bad*, for instance, would migrattfto the cathode, but of the joiifl Ba" and Cl , 
Y;itttoVhi<lli it is resolved by dilution, tha Cl' travels to the anode. 

c j' i 7^3 conclusion is, however, not necessarily correct; see Noyes and Falk, Amer, 
Soc., 1911, 33 , U36 ; Falk, ibid., 1910, 32 , 1655. 


which intermediate and complex iou formation occurs, and accoMingly, fc 
uni-bivalent salts and those of liigher ionic types, a certain a^ionnt' i 
Uncertainty is attached to the meaning of the ratio V^oo) which has in th 
preceding pages been regarded as a measure of elei ' ’•'/•ytic disSt^ciation. It : 
clear that complex ion formation will lead to abnormally low values of i b 
the freezing-point method. 

Hydration in Aqueous Solution. - So far the ions of a n dt have bee 
regarded simply as atoms or groups of atoms, carryinjJ electric charges ( 
opposite sign and migrating under tlio influence of a potential gradier 
quite independently of one another. The considerations upon which thi 
view has been based ^do not, however, rc<piirc the, ions to be free from a 
chemical combination, and there is considerable evidence that in aqueon 
solution most ions are combined with the solvent to varying degreei 
Probably in many cases the undissociatod molecules are also combined wit 
the solvent, and it is doubtless true that numerous non-electrolf.'tetf i 
aqueous solution are likewise “hydrated,”^ each molecule combining wit 
a certain number of molecules of tlie solvent to form a more or less stab] 
complex rnolecule.2 • 

Walker and his co-workers^ concluded that in a number *of caU',8 con 
bination with the solvent is the necessary precursor of electrolytic dissocii 
tion, although such combination docs not necessitate that* dissoeiatioi 
Bouafield and Lowry, ^ liowover, have gone a step further and regard hydr 
tion' as essential tf) dissociation, the heat of hydration alTording the ener^ 
necessary to disrupt the molecule. If such is the case the dissociated sofui 
must be hydrated to|t greater extent than the imdissociatcd solute as othe 
wise there is no force available for producing dissociation. 

Only one or twotif tljo reasons brouglit forward in support of the vie 
that ions are hydrated ca*ii be discusticd.’’' Considering, for example, tj 
alkali metals’, it is observed that the ordey of increasing ionic mobilities 
also tlic order of increasing atomic wt'ight and atomic v^ilumo : — ^ 

Li. Na. K. Kb. * Cs. 
Atomic weight .• . (rO-f ‘2:b()0 31iT0 85 45 1 32-81 

Tonic mobility^ a' 18° . .33-4 43-1 64*5 W-5 GB-b 

The reverse would naturally be expected to^hyld good, /he heavier id 
migrating at a slower rate than the lighter ones, just as in the diffusion ' 
these metals into mercury, for which it has been shown tJiat th<f rates ^ 
diffusion increase with decreasing atomic weight. An explanation of th 


^ The terms “ twlvated ” and “solvation” are pinployod to*denote .similar ideas whi 
Iblvent® other Hiaii water arc considered. 

® Various attempts liave been made io framo ge»cral tlfeoriea of solution from the poi 
of view of hydration, without having lecourso to the ionio tli^bry, but none of these can 
said^to have met with general# aeeepti^nee. Tlie reader may bo referred to* MoijJpy»ai 
'Muir’s Dictionary of Clumidrv (Longmans h Co., 1^94, vol. iv.), tirticlo on aobitior 
part 2 ; also to Armstrong, Chem. Jfews, 1911, 103 , 97, and Ann. Report Chem. Soc., 19C 
■ 4 , 17*21 ; 1908, 5 , 21 ; 1911, 8 , 13 ; Lowry, Science Progress, 1908, 3 , 124. * 

8 Walker, M'lntosh and Archibahl, Trans. Cluvi,*Soc., 1994, 85 , 1098. 

* Bousfield and Lowry, Phil. Tnois., 1904, 204 , 282; Trans. Faraday Soc., 1906,' 
197; 1907, 3 , 123. , • 

/' ® For a valuabli summary of the evidence bearing op the subject of hydration irf^olutic 

•flee Washburn, Technology Quarterly, 1908, 214 360 ; or JSthrh. Radioaktiv* Elektfonii 
:1908,5, 604. - • 
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‘anomaly ia forthcoming' if it he assumed that the ions of the alkali metals*, 
■are hydmted, the number of molecules of water combined with one oharH 
atom of^netal diminishing as the atomic jvcight increases^ It is then 
^ssiblo for the ion oH.lilhiimi to be heavier ttfan the ion of ctesiuin, and 
SO account for its lower mobility.^ ^ 

It has boon found that ionic conductivities increase with rise of tempora- 
ture in a manner tliat corresponds very closely to the change of the 
fluidity (reciprocal of the viscosity) of water with change of teiiiperature. 

In fact, for a number of slow-moving ions, the parallelism is almost oxact. 

^ This is not due to increased dissociation, since this latter is actually retarde 
to a slight extent by rise of temperature. The increase in conductivity is 
attributable to greater ionic mobility consequent upon a change in the 
frictional resistance experienced by the ion in its passage through le 
solution. The remarkable fact that this resistance changes at almost 
nrehiseV^ the rate at which the viscosity of water (which measures the 
frictional resistance that one molecule of water experiences in moving about 
gamong the others) changes, led Kohlrausch 2 to believe that an ion is associ- 
ated with a certain nfimbcr of molecules of water, this water forming a km 
of “atmosphke” about the ion and the “complex’ moving as a whole 
through the solution. The fact tliat a rise in temperature shgh ly decreases 
the extent o&, dissociation may bo explained on the assiunption that ^at 
tends to reduce the hydration of the ions and thus facilitates their uinyn to 

form undissociated molecules.^ * <. i i. ■ 

'If the two ions of a salt are hydrated unequally, tlie passage of electricity 
* through ail aqueous solution of tl.c salt must result, in a not transfcreuoe 
of water iii one direction or the other, according to circumstances. If, then 
a small nuantity of a non-e.'ectrolyto bo added „to the solution, its co 
oentration should iuerease around one oleot, -odd and decrease a'™'" the 
other By tills device, it has hfen shown experimentally that the ions of 
hydrochlormacid,' aiVd of the chlorides of the alkali metals. ' are unequally 

'’^‘'Hydration, and hence dissociation, m.ay he ei^peeted to increase with 
dilutlL uulilap,a.xim.i!n is reached after which further 
•Udh t The average amount of water in combination ntwl not be a whole 
number. In al} 'probability it is an indehnitc hssemblago of aqueous 

■'”°*Owiw’ to hydration, the calculations explained in the preceding pages 
must often he inexact, and the errors involved cannot as a rule delerinined 
owing to lack of accurate data concerning the extent ol hydration. Ifydra 
tion of any kind obviously renders the statement of concentratwi, m terms 
orpiv ts of solute per' part of solvent, inaccurate since part the sidvent 
Lst he reckoned as hebnginj; to the solute.- Accordi.i^y thfiorm^ 
dsmotio pressures, fi'eexing-point depreasioils, etc., mxy he due m p,irt to this 
oaute,,ar.(> the abi.iormality will he the njore psonounced the greater^ the 


. 1 Eulef Wied. AmuiUn, 1897, 63 , 273 ; Bralig, mA physital. Ohem '?K*/^i902 

r Kohlrausch, Proc. Rol Soe., iWs, 71 , 338 ; Sdmngsber. preim. Mad. 1902, 

**’s^Seo H. C. .Tones and his co-workers, /Pm. them.J., IQIO, 4 i 187 ; 1911, 46 , 
irfd 368', A. A. No/es, y. Kato ' 

’ • Boasfield, Phil 1906, A, 2q6, 101. 
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Oonocntration of the solution.^ PotJissium and cfcsinm nitrates are excep- 
tions in that they behavo like iHoal ])inary eleetmlytes.- Hydration of the. 
ions clearly renders measureieents »)l‘ transport innnii rs sli.L?Mly inaccurate. 
Since, moreover, it is problhlc that, m certain case , he de.Lnt'e oi‘ hydratipil 
of an ion changer with the concentration,^ a chang<; which wonlrl doubtlqss^ 
alter its ionic mobility, the possilaliiy of an error due to this cause in taking 
as the measure of the degree of dissociation must he recdgi'lsesi.* 
Dissociation of Acids and Bases.- Salts, with* few exceptions, are 
largely dissociated, the extent varying from 40 to 85 per cent, for dift’eront^ 
salts in tenth-normal solution. Acids and hasc.s exhibit a much greater 
variation in this respe(;t. The monobasic ackls such as nitric, hydrochloric, 
hydrobromic, hydrioaic, perchloric, chloric, hiomic, iodic, permanganic, 
thiocyanic, etc., acids, are extensively dissociated in ailute solution, the 
values comparing with those for uni-univalent salts ; in the case of the first 
four acids mentioned, the values are even greater. 1 lydrt){liiori^ acid is 
much loss dissociated, only, in fact, to the extent of 7 per cent, in normal 
solution. Nitrous, hydrocyanic, and acetic acids (and a host of org.9,n\fi. 
acids) are only dissociated to an exceedingly slight degn'oe (sec p. 223). 

Tlie polybasic acids are not dissociated to so great aii*cxtcfit as the 
monobasic aeiJ^s just mentioned above. The quantitative relations, too, are 
rendered extremely complicated by the fact that the dissociation of these 
acidB proceeds in stag’es, and hence a number of different kinds of anions 
arc ])rescnt in s^dution. Thus, sulphuric acid, one of the most largely 
dissociated of the dibasic acids, dissociates in two stages— 

(i.) H.,80j“^ir-fiis(); 

(ii.) Hso, --TT^ir + so;'. 

In very dilute solutiofi* tlie coriceutration*of SO.,'' exceeds tliat of HSO,,', 
but in most concentrated solutions the reverse obtains.'' I’kosjiheric acid, 
HgPO^, dissociates in three stages — * 

(i.) H,b0,^-:=if-rHjM);. 
fii.) ILPO.'-^^H'-f-HPO," 

'(iii.) HiHV'~ir + ko;".* 

In a solution conbdning one ^^ram-molecule in ten litres, stage (i.) protfecl^i 
to about 28 i^r cent. Dissociation as reprosoMDi/l by (li.) is slight, and as 
represented by (iii.) almost negligible. Pyropbosphorm acid 1 I,, 1*,,07 dis- 
sociates in four stages, of which the first two occur to a^considerablo, the 
last one practically to a negligible extent.'' 

^ Hee Jofies (»nd liis co-workeis, Avicr, Chem J., 1901, 31 , .9.96 ; 190.9, 33 , 594 ; Zeitsch. 
physical Chew, ,.1906, 55 , 985. lliltz, ihid., 1902, 40 , 185 ; ffOOS, 43 , 41 ; 190(1, 56 , 463. 
ihid., f902, 39 , 385. . 

2 lUltz, loc. at. ; .Talm, Zcilsrh. p/^sikal. Client., 190%, 33 , 5^) ; 1900, 35 , 1 ; 1901, 375 , 
490; Nurust, ihid., 1901, 38 , 487. * 

^ Blitz {loc. cit.) an(i Jofes [Zc Il'ich phyalul. Chan , 1906.^55, OSOjf .jtti^njiod tO 
determine the extent of ionic hy< 1 iation, and bot'i no\v ngree tint it lAci cabOi with jjiludon. 
Bousfield {ihtd., 1905, 53 , 257) lias ainved at the s-inie conelusion 

^Interesting exanqiles of the simultaneous occurroiieo of complex ion formation and^ 
hydration are furnished by the halide salts of eojqiet and roWalt see Donnan and Bassett, 
Trans. Chem. Soc., 1902,' 81 , 999 ; Vaillant, Aw. Chim. Phys., 1903, (\ii.), 28 , 218 4 
Kohlschutter, Ber., ]ft)04, 37 , 1168; Le\ys, Zeitsch. physihal Chsin., 1906, 56 , 223 4 
Denham, , 1^09, 65 , 641. ^ ^ . 

- ® Luther, Zeilseh. ElckUochnn., 1907, 13, ; Noyes ailtl Eastman, CAtomjis IMtitutim 

Publications 1907, 63 , €74 ; Noyes and Stf^art, J. Aincr. Chan. Sop., 1910, 32 , 113.9. 

® Abbot and Bray, J, Amer. Chem. .SV., 19(^, 31 , 760» 



^ .'CiirWuic, liydrosiilphuric/ and boric acids, ayd 

Respectively, likewise dissociate in stages; but in these particular cases the>; 
first stage proceeds to an exceedingly slight degree, and the nuiuiining stages : 
to an even smaller oxtelt (see p. 223), ^ *’ 

The very soluble inorganic bases, liamely the hydroxides of the alkali 
metals, aru dissociated in aqueous solution to about tiro same extent as : 
uni-univalont ^^alts ; the hydroxides of barium, strontium, and calcium rather 
l^ss. Ammonium nydroxide, however, is only slightly dissociated, the 
^extent in normal solution being less than 1 per cent, (see p. 223). 

Some Applications of the Dissociation Theory.— The neutralisa- 
tion of hydrocidoric acid by soflium hydroxide in diljite aqueous solution, 
expressed in the ordinary way hy the equation— 

NaOH + ITCl^NaCl + lI/), 

should, j^ 'cordiiig to tlie ionic theory, bo represented thus — 

Na- 4- orr -I- ir -f cr - Na* + cr h- it,/), 

since hydrochlpric acif\, sodium hydroxide, and sodium chloride are almost 
■completely dissociated, whilst water is only dissociated to a iniuute extent. 
The change may therefore be expressed simydy as 

H --1-011' = 11,0. 

Obviously this expresses the essential character of the change whatever acid 
or base he chosen, provided that both are largely dissociated in dilute solu- 
tion. The heats of neutralisation in all such reaction^ should therefore be 
equal, and, as lias been seen already, this is found to bej:hc case. From the 
data already givim (p. lf)7) it follows that ♦ * 

H--hOHV-H„ 0-H3'7 Cals. 

When eithef t,lio acid or,the bast is only slightly dissociated in dilute solu- 
tion, the observed lieat of neutralisation is practically 13*7 (ials. plus the 
heat of ionisation of the tmid (or base, as the case uiay bo) ; that is to say, 
of tho boat tones of the reactions ‘ ft- 

(i,)*. HA = n--f A'! and 
(li.) H'-f0H' = H20. 

C f 

The heat of neutralisation may therefore be greater or less than 13-7 Cals., 
since in some cases (i.) is exothermic and in others oiidot-hcrmic. , 

The Law of Thermo-neutrality (p, 1 67) is readily explained,. Sc.ipposing, 
for instance, that dilute 'aqueous solutions of sodium sulphate -and potassium 
! nitrate are mixed, it is readily seen that no apprecia'ble change in tho nature 
of the solution should heewr, for poflissiurn sAlphato and sodium nitrate, the 
formfitio,u which might be anticipated, lye dissociated to as great an 
extent ^as the salts hrst mentioi^cd, and all four, sajts ai\j almost completely 
Associated, in dilute solution. Accordingly, no thei-mal elTect would, be 
expected to accompany t^e mixing of the solutions, and none is, in fact, 

' oT:^rvcd. 

In general, ions possess an cnormou^sly greater degree' of reactivity than 
^'jjonuoTpsbd moleci^los. The readiness and rapidity with whi(?a acids, bases, ^ 
salts react are in marked contra^u to the sluggishness with which many 
^^ctions between organic ^ubstanegs proceed. The subject of inorganic 



;qwwanve awiysio m wncbmed almost exclusively wi' ’ ■ the 
Ihaqueous solution of hydrogen chloride, for instance 'jhibite the prop^tffl. 
Associated with hydrogen ions and also those associated with cnh lme 19^ ^ 
'and therefore its degree «f reactivity towards oil,^r substances is qiJlW 
different from that of a solution of 'hydrogen chloride in benzene or liqW 
hydrogen chloride' The degree of electrolytic dissociation of hydro^n 
chloride in Uie benzene solution or in the liiiucfied gas is exctfMngly small, , 
and in tHese media iron, sodium, and calcium carbonate are scarcely aatea 
upon; but aqueous hydrogen chloride attachs these suhstances with 
greatest readiness ^ 

The conclusion that the reactions of •electrolytes are in general tho 
reactions of their ioifli is of great importance, for it is natiiral to attribute 
tho specific properties associated with acids to the presence of hydrogen lonSr 
and tliose associated witli bases to tho presence of hyfiiyxyl ions m their, 
aiiueous solutions. It is therefore to be expected that the (>xtent to wjiich 
these properties are manifested by an acid (or base) will depend rfpmi the 
concentration of liydrogen (or hydroxyl) ions in solution ; ni short, that what 
may ho termed the relative “ strengths ” of acids (or bases) may be inferred 
from the degrees of dis^sociation of the acids (or bases) in sohitiomabat are 
comparable, U arc of the same normality. Tlio stronger tlie acid (or base), 
the greater the degree of dissociation. The relative strengths of acids and 
bas(| tlms deduced afe in agreement with tliose derived fioiu other com 

siderations (w'tfe w/m, p. 225). _ n 1 

Tho dissociation theory accounts in a simple manner lor the (litlerences 
observed between double salts and complex salts. For example, sodium 
chloroplalinate, a confiilox salt, dissociates according to tho scheme 

- .N^x.d’tCl^,==^2Na- UtOi;', 

whereas the dissociation of astracanite ‘(p.^201), a double salt, ’takes plaoe as 

follows: — , 

Na,SO,,MgSO,^2Na >Mg +2SO, . , ' 

In the case of the finsl-named compound, the solution does not give the 
usual reac-tions of r chloride, since no chlorine ions arc jiu'sent m solution; 
the second compound, howovpr, behaves as a mixture of the single 
That the anievn of sodium chloroplatinatc is Ptqj,; is shojvn l.y migration . 
experiments (p. 206), tho platinum migrating with tlie chlorine towaids . 
anode. The recognition of the nature of complex salts by niiiaiis of -migration 

experiments is duo to Hittorf (p- 20/). » ,. . . i . « 

Tiierc is howover, no hard -and fast line of division hctwoeii complex-, 
salts and*doiThlc salts; the difference must be loolicd upon not as one of . 
' Jciiid,.but oidy'oiie of degree. It must be supposed, for inslauco, that the;' 

. anion PtClc" dissociates further, |hus : — , » 

* PlCl^;^‘Pf‘* + 6Cl', 

v though only to a very minute extent, while tho possibility of the existence of ' 
‘ complex ions in astracanite solutions, such as lVlg(fe 04)2 perhapy^ must be ^ 
. recognised, though their concentration musC be qirtte iimall J'AampIcs 

1 An ttdmirablf account of the ioni*- tlieoPy, witli paitolur referem e to itB^ihca^oilA 
in qualitatix’e analysis, is given by Btieglitz, Qualitative CUmual Avidysi^ 2 v Js. (W 
' " 'Century Co New^York, 1911 ; Bell k So^,iiondon, 1914) ; see also Scientific, 

AnalyHml Clumistry, trafcslated^by M'Cow^n (Macmillan k Co., 1908). 
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■known in which each stage of the ionisation must be regarded as 'taking/ 
place to an appreciable extent, e.g. K 2 Cd(CN)^ ; — * 


K.,Cd(CN).^2K- + Cfi(QNi);', 

' Cd(CN)/^(?d'* + 4(CN)'. 

The relative stabilities of complex ions is a matter of great importance in 
analysis. , 

Application of* the Laws of Chemical Equilibrium. - The laws of 
^chemical equilibrium were applied to the study of ionic reactions almost as 
soon as Arrhenius’ theory appeij,red, each kind of ion present in solution 
being regarded as a distinct molecular species, behaving as a normal solute. 
The undissociated molecules and the ions of an ionogen ^ in aqueous solution 
constitute a system iii equilibrium, and the state of equilibrium alters with 
change of concentration. In reactions between ionogens, equilibrium is 
establisV^'d with great rapidity. 

Ill llie ease of a uui-univalent salt, which dissociates thus, 


A 11^ 

the condition of equilibrium will be 


-A‘ + ir, 


* i. .1 ^ f I , 

■ [Ai>r ’ 

whoi'o a bracketed formula, as usual, denotes the equilibrium concentration of 
jthe substance having that formnla. Tf one gram moh'cnle of All is dissolveil 
in V litres of water, and the fraction dissociated is y, then 

[A-| = [V|-J-, [AliJ = h^-r. ■ 

and hence « *" 

' * ^ K, 

t 

. whore K denotes *uiie ionuafion vomUinl in the usual units., 

condition of equilibrium tliat would similarly be expected for othe» 
. types of ioiioge?.s jis easily obtained. Thus, in the case »of lanthanflm 
.sulphate, 

' ' La,(80,)3=^2La-'- + dS0;\ 


-K, 


it would he anticipated that 

. [i.rr-px[.so;'r 

[L:v,(SO,),] 

■. leading to the relation. « « 

It ina) be stated at once that the equations thus deduced, and w'nich 
connect the di'gree a? dissociation of an electrolyte^ with the coneon traiion, 
ire not even approximately correct representa4 ions of the experimental results 
tor'i’-alts^^pr for ac^,ds and bases that ai'c dissociated to more ,(;han a few per 


7.1'. a substance that hissociaks into ioiib in solution. 



ACpS, BASES, .AND SALl’S-j 


rcenbi in dilute solution.^ In the case "of weak acids and bases, howesrer, 
these equaiions represent the facts extremely well. . 

In the case of a weak dibasic acid, such as carhonic acid, wAich dis- 
sociates in stages, the rolatbnsliipa 




^K, andL-'] ’‘^^"”UK.j 

LIRX),] ' 


are founcf to bold good, Kj and K, being called tbe j>)-unari/ and secondary 
ionisatio* constants of carbonic acid. In like manner tliore are, three ionisa- 
tion constants corresponding to the three .^stages of dissociation of ortho- 
phosphoric acid, etc. 

The ionisation constants of a number of^ w eak acids and bases arc given- 
in the follo\^ing table : — ^ 


Acid 01 Hase. 

Temp 

H’. 

Eipiilibrium Ratio. 

K. 

1 i* 

Phosphoric acid 

18 

[irjx[.ii,P(Vj/[H,P0,] 

1 . 10-2 

> 

18 

[inxrHI'0,"];[lU'(V] 

2,n10 -7 


18 

[irjxiPo;"j/[HPo."] , 

t \ 10 

Nitvius acid . 

25 

[irjxfNOa'l/fHNOoJ 

V 10 ^ 

Acetic aeid . 

25 

(irjx[CHjf’0./]/[(’H,('0011J 

1 SxlO-''- 

Caibonic arid . 

18 

! firjx[nco;j/[i-u^o.]» 

3 '10'7 


1 25 

1 ih-jx[co;'i/[ir:o;]* 

7 10 0 

Hydrogen sulphide . 

, 18 

[H*ix[HS'J/lH,S.1 

9 ^ 10 8 

‘ 

' 25 

. [ir]x[S"i/[HS'i 

1 ]0-‘- 

boric acid 

iJ5 

■ linx[l',l30;,J/lH,b0,l 

7 X 10 •I'* 

Ilydroe^aiiic acid . 

2.5 

, |H-l.<irN'1/fHCNl 

7 X 10-“> 

Ammonium hyihoxido . 

25 

LNH;ixlOII'J/I[NH,OH|''t[NII,j}t ^ 

1 8x10-5 

Hydrazine 

25 

: [N,IIr;ix[UH^l/{[xV,HsOHh fN,lb9; I 

3 X 10-« 


* Tlu*s(! sululions, cf.ntani cuilton di-oxide as well us caiboDic aci(Muol('<nil('s and 
Ilcnco Llie value for K is really iiiucji too low (Tliiol and Stroliecker, Bcr,, 11M4, 47 , 

t Tln’so solutions contain anunonia and hydr,izine,,ni^ addition Jo tho ions of the 
hydroxides and tlie undissociatcd liydroxide molL'ciih's, * 


Referring again to the equation (p. 222) 

=K, 

(I -y)v 


' It IS oeyoiiu uie Scope <*f tins book to enter into j discussion of the causes of tran^ 
disagreement ; there aie, ha.vevcr, good icasons wdfy ionic equjlibda should not bo expected 
to conform to the law of chemical pqinlibruim except at vuiy aniall concen;r,i}tion 3 . See 
StieJjhtz, opus at., y. K'S ; V^dker, J^aturc, 1911, 87 , 296. It is ftossible to exJ*ire 3 S tho 
variation of 7 with the dilutiuii by emjtirical formulk*. See Rudolpld, Zeitsch, pityaikcil, 
Cheirh, 1895, 17 , 385; Van’t Holf, iimf., 1895, 18 , 300; Stoieh, dw/., m'o, I9» 18; 
M'Duugall, ./. dvui. Cknn. Hoc., 1912, 34 , 855 v Krau.s jaud Jhiiy, duK, 1913, 35 ,; 
1315; Kendall, Tram. C/iem. ,Soc , 1912, lOl, 1275; McdL K. Td. Nohdinstdat^ 1D13, 

. 2 , No. 88 ; J. Amrr. i'hcm. Hoc., 1W4, 36 , 1069; Partington, Trans. Chem. Hoc., 1910, 
97. * .. 4 ’ 

^ For further <lata and references ste Laudolt Bormltcin, FJuistkal Tr/i-Ch rnnsrlio 
(Berlin, 3 rd ed., 1912), p^ 1132 ; Noyes. J. Am'f. Chem. Soc., 1910, 32 , 860 ; Sucglitz, o^nta 
, cU,, pp. 104, 106. 
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;^w}ii<5h is called O^twaWs Dilution Lau\ it is seen that when half thh ■ 
electrolyte is dissociated, l/2y is equal to K. Using the value g^iven above 
lor acetiC acid, it follows that one gram-molecule of acetic acid must be‘ 
diluted with about 30,^'p0 litres of water before kalf the acid is dissociated ; ' 
and that an even greater dilution is "necessary for those substances witlr 
ionisation constants smalleV than acetic acid. Hence, con/paring electrolytes' 
at the same (molecular) concentration, th^ order of increasing dissociation is' 
also the order of indreasing ionisation constants. The relative strengths of 
^ Weak acids (and bases) may be accordingly recognised by a confq:^rison of 
their ionisation constants. The small degree of dissociation of the acids and 
bases mentioned in the. preccdiiig table will be readily perceived from the 
‘valiiijs of K tlierc given ; acetic acid, for instance, in decinormal solution 
(v equal to 10) is dissociated only to the extent of per cent. 

It should be carefully borne in mind that salts derived from weak acids 
or bases^are largely dissociated in solution, sodium acetate, for instance, being 
, comparaole witli sodium chloride in this respect. A simple means of 
: diminishing the acidic properties of a we:ik acid or the basic properties of a 
\ycak base is therefor€ possible ; namely, to add a salt with a common ion, 
as, for rnstanoe, sodium ac('tate to acetic acid, and ammonium chloride to 
ammonium hydroxide. In the latter case, tlie concentration* of ammonium 
ions is enormously increased, and in virtue of the relationship 

MVI^wIL-k ' 

, [NH..01I] 

the concentration of hydroxyl ions must decrease. In other w'ords, the 
degree of dissociation of ammonium hydroxide is dimbiislied, and that to a 
very great extent, since, as the concentration of un 4 i 880 ciated ammonium 
hydroxide only varies by 1 or *2 per cent., an w-foVl** increase of concentration 
in ammonium ions leads to an ?i-fol(i decrease in concentration of hydroxyl 
ions. This principle is frequenty employed in analysis. 

The equilibrium between a f^lid salt and a liquid which, besides containing 
Some of the salt in solution, also contains other electrolytes, is of great 

• importance. It was originally sii|)poscd^ that in subh a system, at constant 
‘jjjgjjmeraturo, whfie the concentrations of the ions of thc^alt could be altered 

by Uie addition of other electrolytes, the concentration of the undissociated 
salt ill the liquid reinaiired' constant. This supposition, combined with the 
.further one that the ionisation of the salt is expressed by the law of chemical 
" equilibrium, leads to the following condition for equilibrium between the solid 
‘salt and the liquid phase ; the jo'oduct of the ion concentratiom, each rahed' 
^to the power corre&pondiiuj io the number of that kind of ion formed hy the 
dissociation of one moleuile of the salt, is a constant. An example will make 
this clear. If the solid salt is calcium phosphate the' law of equr ■ 

librium gives , ' • * 

, Kv?x[?0.'7==K[Ca,{P0,)J 

' for' tlv) ionic equilibrium in tin? liquid phase ; and jn accordance with the first 
; .assumption, [Ca 3 (P 04 )J is a constant for equilibrium between the soli^ and 
Mil uid phases. Hence t < 

» ' [Ca”]3 X constant. 

.. This cojfjstant is palled the sohihiliiy- 2 ')foducl of the salt at Jbe temperature 

• in quftstiom- * ' , -'f 

[' z., ^ * , 

' ‘ ^ HGTmt,t Zeilsch. piysikalt'Chem., 1889 , 4 , 372 . 



ACIDS, BASES, Ak& SALTS. . 

The method of deriving the principle of the solubility -product just out*s 
lined is tuat by which the rel.atioiishij) was lir.st dcdiuu.'d. Eacli of the 
assumptions there meutionod is now known to be iiu •rrect. it is, fiowever, 
not necessary to assume s* much in order to d' the prfuciple, which 
follows from the :"^sumptions that th'e inns behave as noniud solutes, and 
that the nature bf .le solvent is not changed by added substaneoH.^ As a 
matter of experiment, the principle is found to hold ^ood o>ly for dilute- 
solutions m wliicli the total electrolyte eoneentrutiou not gre.ater than 
gram-equivalent per litre, and heime can only be ap{)lied to sj)aringly 
soluble substances.’^ Salts ordinarily classed as ins(»luble, and in particular 
those met with as precipitates in quantitati'^e analysis, are eharacti'i ised by 
oxtromoly small solubifity-jiroducts. 

When the ])rodMct of the eoneentralions of the ions of a salt in a solution 
exceeds the solubility product of the salt, precipitation of that salt occurs 
until the Holubility-product is reaclusd. It immediately follows that ihe 
solubility of a salt is less in a solution of a salt jiossessinu a common lou than 
it is in pure water. For example, the amount of chlorine left in solution, 
when a solution of a chloride is precipitated witli silvei# nitrate in moderate 
excess, is barely perceptible, although the solubility of silver cliViride dii pure 
water is quite appreciable.^ That is to say, the solubility of siher cldorido 
has been diminished by the presence of silver nitrate in solution.^ 

A salt passes into solution when the product of the concentrations of its 
ions ill the solutioii is made less than the solubility-product. Tvo examples 
may be given. The organic acid oxalic acid is a weak acid and dissociated 
to a mucb loss degree than its calcium salt at the same concentration. The 
calcium salt is almost fiisolulile in watiw. When hydrochloric acid is added 
to it, the anion of oxa’ic acid is removed almoi^t I'ntiroly from llie solution, 
since it unites with hydTi^gen ions, present in gi’cal excess, to form un- 
dissociated oxalic acid. Hence, the solubibtv-prodiiet of caleuiift oxalate not 
being maintained, solid salt passes into solution until l4ie solubility-product 
is again reached. The increase in concentration of the calcium, itms m the 
soliiUon is sucli that calcium may bo readily detected therein by tin* usual 
reactions, i.e. calcium oxalate is soluble in liydrochlofic acid 

Silver cyanide is very sparingly soluble in water. Tko additioy /^f,, 
potassium cyanide solution would, in the light of the preecdiiig flisciission, be 
expected to diiiTinish its solubility, but it is found tt) disscdvL^llie pn'cipitute. 
The explanation is that the reaction 

Ag- + 2CNV-Ag(CN); 

occurs ill tl*e sijlutioii, and since the complex ioii Ag(ON)./ is a stable ion, the 
concentration of the silver ions in solution is reduced to ;? very minute (luaulity, 
i?ilver*ciilorkfe accordingly dissolves; the complyx salt K[Ag(CN)J can ’dtb ■ 
crystallised out from the solution.* * t * 

Strengths of Acidsi and , Bases. — 'Hie expressions “string,'’ ^nd 
“weak” are frequently aoplied in order to de,.scril>(' the felative chciTiical 
activities of acids and of bases. In contrasting an acid siieli as hyib'ochlorie 
with another such as hydrosiilphiiric, it is cas^ from /ihcmical considerations 
to decide that the first is “stronger” than the secoiTd ; the problem »f 

J ^fasl»^mlIl J. Amer (Jhnn. ISuc., l‘*>0, 32„488. 

2 StiegHtz. ibul, 1908, 30, 94^. • 

3 Uichardsand Wells, J. Ohciu. 1905, 27, *481. 
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comparing the relative strengths of, say, hydrochloric and sulphuric acids, is 
more difficult. 

In order to arrive at a qtiantitative estimation of the relative strengths of 
acids, e(j[uival^jnt amojvits of two acids may bo allowed to compete for a 
quantity of a base insufficient to combine with both comph'tely, and the ratio 
in which the base is shared by the acids detormined. Tlie relative strengths 
of the acids are regarded as proportional to the amounts of base they 
appropriate. The method may be carried out in practice by adding one 
cijui valent of an acid to one eijui valent <jf a salt of another acid, and deter- 
mining the amount of the second acid displaced from combination by the 
first. In elh-cting the necessary'-me.isnrenients, which are generally physical 
in characLer,^ one condition must be fultilled : the acids and salts must remain 
entirely in soUilioh and nothing escape from the hquid either as gas or solid 
(precipitate). Otherwise the results are vitiated by volatility or solubility 
iiifluenees. 

Approximate results were ol)tained by Thomsen^ from thermal measure- 
aments, but Ustwald’s results, deduced from dcusily measurements were more 
accurate. The o.v})crimeiits were carried out at a common temperature, and 
the solutions ?)f acids and liases used contained one gram-equivalent of reagent 
in a kilogram of solution. By mixing eipial weights of a solution of an acid 
and a base, a solution of a s:ilt was obtained. A numerical example concerning 
hydrochloric and dichloracetic acids will .serve to illustrate the method. The 
respective volumes of two kilograms of sodium chloride ai/d sodium dicblor- 
acecate solutions were 1958”J75 and I91G'714 e.c. ; those of one kilogram of 
r hydrochloric acid and dichloracetic acid solutions, 982- tOG and 917 G77 c c. 
On mixing the hydrochloric acid and sodium dichlofacetate solutions, the 
volume would he 982-40G -p 11)16'7U, or 2809-120 c.c no change occurred, 
and 947'G77 -f 1958'275, or 2905 052 if the diclr.oVaeetic acid were entirely 
displaced. The volume actually observed was 2901-220 c o. Now 

-1 2901-270 - 2899- 1 20 - 5 100 

and ' 2905-052 - 2899 1 20 - G-532 ; 

hence it is infenod that 5*10/6 53 or 78 per cent, of the, dicliloraceiic acid is 
TTfspiaced, and the relative strengths of hydn^^'liloric and dichloracetic acids 
are as 78 to 22. ( ^ „ 

The relative stVeiigths of acids as determined in this manner are inde- 
pendent' of the nature of the base chosen. That the order in which the acids 
are arranged by this method is really the order of what are to ho regarded 
as their “strengths” is indicated by the fact that the same order is arr'vcd at 
when tho aedivities of, acids arc compared in oUier ways, c.f. h} Thomsen’s 
t^ierrnal method ; by oliservitig the rate at which they cau.se tl\e “inversion/' 
of sucrose to ])roceed (]>. 184), by detenniuing their respective abilities to 
effect the solution of salvs like c.ilciuui oxalate and barium chromate, etc. 

It is ^onnd tlvxt when acids are arranged iu‘'thc onler of their rcljitive 
strengths, they are also arrarged in order with respel't to their degrees of 
dissociatbn, the strongest aculs being most fully dissociated. This result 


^ A chemical motli™! of limited ajtplicatiuu has been devised by Fiuiid and Marshall 
{'Sram.fiQhrm. Sor^, 1914 , 105 , 2776 ), bascd^^'in the okservatioii that the amount of alkali 
necess4.ry to nrevent an acid from co-ioding iron is a function of the .strciigth of tho acid. 

2 Thombcn, Poiig. Annalen, 1854, 91 , r ;T869, 138 , 65 ; Phil. Mag., 1870, [iv.], 39 , 410. 
8 O^twald, J. praJcL Chem., 1877, (ii.^, l 6 , ^85 ; 1878, 18 , 323. 
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is readily intelligible (sec p. 224). Moreover, it is possible, if tiuulissociation 
theory be accepted, to calculate tlu' relative btrengihs <i\' two weak acids, 
since they follow the “dilution law.’’ The result an.ved at is that equivalent 
quantities of the two acids ^hare a quantity of h.l^e* •* .'U^licienf to maitralise 
only one acid 111 tl. * ratio of the square roots of the di^s(H•iation constants 
of the aci<lH, and tins result is confinned by experiment ^ * 

The relative strengths of bases may be eomjia.red by ^methods similar to 
those emplo^i'd for acids. Tlu' weakness of ammonium hydroxide m com- 
parison with sodium hydroxide w'as showm by Derthelot from thi'mial measure- < 
mcnts/“ The order of relative strengths o^ biu^es is also found to be that 
aiitici])a,ted from their ^legrecs of dissociation. ^ 

The hydroxides of the divalent metals smdi as zinc, nickel, magnesium, 
etc., and of the trivahait mc'tals such as iron, aluminium, chromium, etc., 
are almost insolnhle in water, but the fact that they are ircak bases is 
shown by the hydrolysis of tbo salts they form with strong ae^ds. * A 
number of theso hydroxides are ainjibolmac, and must aeeordingly be regarded 
as behaving as weal: (fciil'i as well, kor examph*, aluminium hydroxide is* 
regarded as dissociating, in its (very dilute) a([ucou5 solution, as a base, 
thus : — * * 

• A1(()1T),- 'Ar”-f30ir 

and as an acid, thus : — 

• Al(()ir).,-^-[i‘ bA10,;-t-U.,0, 

• 

in eacli ca.so the degree of dissociation being slight. It follows that stflf- 
iiGutralisation should occur between basic and acidic aluminium hydroxide; 
but sin(!e salts fonmsf fiom wc.d^ acids and weak liases are liydrolysed to a 
very eonsiderable dcg'’ce in soluLion, the extei^t to which SBlf-neutralisation 
oc.curs is very small ^ • 

Salt Hydrolysis or Hydrolytic Decomposition.— t*>rd inary dis- 
tilled water is an extremely poor ('Icctroly te, and its condfudivity conlinnously 
decreases as it is subjected to more and mou pmification. Pimo* water has 
therefore been supposed bv some chemists to be devoid of eonduetivity. This 
view' is, however, not usually accepted, aii'l, on the s^ipposition that the jmre 
li(juid has a sm.all coiidnctivitv .and is tlieivforo slightly (fetsoeiated, fifnv.c- 
half a dozen ditlerent melliods have been employed to delerminc Die degree 
of dissociation. * (kmsidi'rii'g the smallm'ss of tlu*<[fiantitT to be dclcrminecl, 
the various lesulls agree rcmitk.d>ly well. The di.ssocj.ahon ap^aans to 
follow' the eour.se 11,0— -H’-j <MI', any further dissoeuition of the hydroxyl 
01 P + O " being (piite negligilfhx The eoneentration of li\ drogeii ion!;} 
[ir] in plug:! water, then, is (api.al to that of the hydroxyl ions [OH ]; the 
value is M X uT gram-ions p('r litre at 25”, and iiic^aises rapidly with rise 
of tentperatufe. (.kmsidewng the (‘quilibnum Jk,0— -If -f 01 P, it follow^£, 

^ since [H/)] cannot appn-ciably a4ter, tliat«the relatjoiiMiij) 

• [H'] X |Ofl']^e»nbtant (1 ‘2 X 10“’^ at 25%)^ 

holds in pure waiter, and also in all dilule (Hf neons solutions. 

Tl’e dissociation of water, slight tliougb iti>e, is ^^dlieient to account for 

• 

* AiTliciiiiis, Zf’itsrJi. ^>hysikaL Clirw., ]89(^ 5 , ]. ^ 

^ liertholot, Con^t. rcvil., 18.S0, 91 , b'?9. • 

•* Walker, Zalsclt. ^hysilad, Chnii., 1904, 49 ^ .82; 706. Ibyrofh (/, Amer. 

Cliem. tior., 1916, 38 , 57^ regaiJs multiple fouisatioii as a phenomenon common to all 
electrolytes. * • • 

^ ‘ Hudson, J. Aw^r. Chem. Soc., 1909, 31 , 1136; refurcnces to the methods used by 
othere are there given. 
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the occurrence of hydrolysis in aqueous solutions of many salts, i.e. partial' 
decomposition of tl o salt into acid and base, brought about by water. The 
change ' ' 

" acid + baso^^salt + water 

i^, in fact, reversible ; and provided either the acid or tlir base (or both) be 
very weak, the reversibility of the change is sutHciently marked to bo readily 
observed. Examples have been known for years. Thus, aipieousr solutions 
of sodium (or potassium) cyanide, 'borate, and sulphide possess the specific 
• properties associated witli bases to varying degrees, and give alkaline reactions 
towards the common indicators while the presence of free acid is easily re- 
cognised in solutions of ammonium chloride, ferric chloride, ziiu; nitrate, etc. 

The methods by which the degrees of hydrolysis of salts are deteriniricd can- 
not be entered into, but the explanation of the phenomenon by means of the 
- dissociation theory ^ may ho outlined, taking potassium cyanide as an example. 
This sifit is largely dissociated in aipieous solution, KCN^^^K' + CN', and 
since there are also present the ions IE and OIT, it is necessary to consider to 
what extent the changes K’-fOU'^^^^^KOlI and IT -f CN'^^^^IICN occur in 
the solution, v Formation of non-ioiiised potassium hydroxide and prussic acid 
must occur, hut, wliile the first-named substance cannot bo thps produced in 
any appreciable ipiantity, it is clear that the second will bo formed to a coii- 
sidorahlo extent, owing to the extremely small dogretr of dissociation of that 
substance. As hydroxyl ions and hydrogen ions are used iij3 in these changes, 
further supplies arc produced by the dissociation of more water, since the 
equilibrium -I- OH' is destroyed ; and it will lie observed that the 

hydrogen ions arc used up to a mucli greater extent than the hydroxyl ions, 
which therefore accumulate in .solution. The increase in the value of 

[ OH'], with the conseijuent diminution of [H‘J,fgocs on until the value of 
H‘] X [CN']/[HCN] reaches tlio ionisation constant of prussic acid, when 
equilibrium is attain 3 d. The result is, therefore, that water is used up in 
dccomposif.g, a certain fraction-of the potassium cyanide, producing prussic 
acid, almost entirely uiidissociated, in the solution, together with an equivalent 
amount of potassium hyo’roxide, almost completely dissociated. In decinormal 
solution at 25°, 'The extent of hydrolysis amounts to T3,per ceiit.,^ and the 
solution has a pronounced alkaline reaction.^ ' 

The preceding exanqne illustrates the case of the hydrolysis of the salt 
of a weak acid and strong base ; it may bo left to the reader to show that the 
salt of a ^strong 'acid and weak base should have an acid reaction in solution, - 
that the hydrolysis of the salt of a weak acid and weak base should be quite 
pronounced, and that the hydrolysis of the salt of a strong acid and Strong 
base should be inappreciable. 

^ Kir.st given, and } latlu'ina^ically developed, 'by ArTlimhiH, Zcitsch. physikal, Chem., 
1890, 5 . 16, ‘ ' : 

• *' Sllieltls, Zeitsrli ..phynkah Chem., 1893, 12, ; Madden, ibid., 1901, 36 , 290. ' 

® Since, in terms of tlie ionic tlp;ory, the specific properties acids and bases are the 
properties of liydrogen and hydroxyl ions respectively, water, in which these ions are jiresent 
in equal concentrations, is considered to bo neidral in reaction. A solution is then regarded 
as having an acid or nikalinc reaction according as the concentration of the hydrogen ions 
• exceeds that of the liydroxyl ions in solution or vicctyorsa. Acidity and alkalinity as indi- 
cia, ted by thecominonly enpdoyed mrfwa/ors, e)g. litmus, methyl- ora age, and jthmolpJdhalein, 
usually; out not always, agree with \hese definitions. s. 



CHAPTKR VTT. 

THE DETERMINATION OF ATOMIC WEIGHTS AND 
EQUIVALENT OR COMBINING WEIGHTS.* 

Introductory. — The modern system of ntomic weights is essentially that 
due to Cannizzaro, whose system of atomic weights, based Avogadro^s 
Hypothesis, wiys puhlislied in 1858. Aw account of the various systems of 
atomic weights that were in vogue during the lirst half of last e('utuiy has 
been already given in Chap. 1. 

(?f the earlier methods for calculating atomic weights, those based on the 
Law of Dulong and Petit and the Principle of lsoinor])hisiii supply valui^le 
corroborative evidence as to the validity of the results deduced l)y the funda- 
mental method, viz. tlie application of Avogadios Hypothesis, and enable the 
atomic weights of a numlxu* of metals to be deduced where Avogadro’s 
ffypothesis cannot be aj)p>i<;(l for want of the nfscessary data. In the case of 
the inert gases, none of these methods is applicable, and udvanj.agt‘ is taken 
of the results obtained by a study of their speciHc heats^ 

'the numerical results obtained by tin* application of the, preceding 
methods are, in general, only approximate ; this arises in conse(pienco of (i.) 
experimental errors inheiont in the determination o^ molecular weights from 
vapour densities, etc (ii.) deviations of gases and vapours kym the laws of 
the “perfect” gas, and (iii.) tl e approximate character of Dulong and 1^3tit’s 
Law. To arri’ic at the exact values, two mctlnxli^aro ayaiiable. The first 
is a chemical method, and consists in selecting for the atomic w'eights of the 
elements tho.^'c multiples of their chemical ecpiivalents (or comhiuiuff weights) 
which most nearly approach the approximate values obtained for the atomic 
weiglfts. Tlie eipiivalents may, by suitable experimental methods, be deter- 
mined will? grftit precision, ami the sehsetion of the cc^rrect multiples of these 
valucK odors <io difiiculty, even with approximate atomic weight values seve^^'d 
per cent, in error. . , • 

The second method is purely physical, and has bt^n developed since about 
1890, It has been seeir in (Jiiap. IV, that it is possible, froin a^sciA’ate 
measurements of gaseous densities and compressibilities, to deduce the 
molecular weights of certain gases with a high degree of accuraiy. Since 
the molecular formulae of the gases may be* readiljf determined, their cxgct 
molecular weights n^y be utili*d in deducing the exact atomic weights *of 
their constituents. For example, the Atomic weight of carbon follow||^reacmy , 
from the molecular formula and exact molecutar wiiglit of carbo*i monoxide 
or dioxide, whilst from the correspondifig data for methane,. the atomic weight 
of carbon may be inferred if that of* hydrtigen be Assumed. This method is 
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only of limited applicability, but has given a number of results in good 
agreement with Uiose deduced from the most accurate measurements of 
combining weights. 

Kevertiiig to the chemical method of detert^hnation of accurate atomic 
weights, it should bo explained that the following is the plan actually 
e4opted. The formuhe of the compounds studied are assumed. This may 
be done sinc^ the formula) can be derived from approximate atomic weight 
values. Supposiug'’thon, as an example, that the atomic weight of' rscnic is 
sought ; a known weight of silver arsenate may be heated in hydrogen chloride 
until it is completely converted into silver chloride, and the latter weighed. 
Knowing the formula) to bo Ag^AsO^ and AgCl, the ratio, weight of arsenate : 
weight of chloride, is clearly the ratio of the molecular weight of silver arsenate 
to three moleculaf weights of silver chloride, i.e. Ag^AsO^ : ^lAgCl. If, then, 
the atomic weights of silver, chlorine, and oxygen be known (107 ‘88, 35'46, 
anch 16*00 respectively), the atomic weight of arsenic (.r) is readily found. 
For ^ 

Wt. of silver arsenate _ x 107*88) + a* + (4 x 16) 

Wt. od silver chloride 6(107*88 + 65*46) 

Since the preceding is a t}^pical example of the manmu* in which accurate 
atomic weights are derived by the chemical method, it will not bo difficult to 
understand how it is that certain atomic weights are of fundamental im- 
po.i;tance, entering as they so frcipiently do into the calculation of other 
atomic weights. The fundamental atomic weiglits are those of oxygen 
(standard), silver, chlorine, bromine, iodine, sulphur, mt.rogen, carbon, sodium, 
and })otassium. A large amount of accurate work has been carried out 
whereby it has been possible to derive the fundaipental atomic weights with 
a high degree, of accuracy,^ 

()f the numerous ^hemists who have, in the past, interested themselves in 
the accurafp determinations of atomic weights, sjiecial mention must be made 
of Marignac knd Stas.'*^ The values ado[)ted for many years for the funda- 
mental atomic weights wj)re practically identical with those derived by Stas, 
whose laborious*, and painstaking work was regarded , as being of extreme 
kccui'acy. It is now known that the work of ^tas was alTected by numerous 
slight errors, and the fundamental atomic weights have in copsequence been 
carefully revised. This task of revision, and also the determination of 
numerous other atomic weights, has been carried out very largely by rrofessor 
T. W. Richards, of Harvard Univm'sity, and his numerous collaborators. ^ 

The atomic weights in use represent relative values, referred vo an 
arbitrary standard; the actual weights of atoms are not known with 
certainty, and do not concern the chemist. Dalton originally sejected 
hydrogen, which has the ••imallqst atorai 9 , weight, as the standard, and 
called its atomic wmght unity ; but the inconvenience of this choice 
was' early” recognised. The number of stable hydrides the compositions 


^ For a Jiscussion of the fundamental atomic weights, see F. W. Clarke, A RecnlcutaHon 
of the Atomic Wei(/h(s (^jmtl.sonian Itiiscelluneous Collections, vol. liv., No. 3), 3rd edition, 
I&IO. ' . < . 

For their Work on atomic v eights, soe Marignac, Oeuvres coiujplUes (Geneva, 2 vols., 
1962) ; ac 4 Stas, (Eejivres covtptUes (Brussels, 3 vols , 1894). 

® Ti.e coll' cted })apers of It.chard.s and his col lahoratoi sure published in a volume entitled 
Sxperimentelle Untnsnchvngen vber AfoirtgnviUile (V oss, l.ei])zig, 1 ‘^09). For a summary, see 
Richards, Carnegie Inshtution Puhlicaiiovs, No. 126 (1910) ; J. Chivi. pJnjs., 1908, 6, 92. 
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of which are accurately known, is small, and hence combiniiif^ weights 
are usually measured with rcs 2 )ect to oxygen or a ha/)geii, and must be 
referred indirectly to hydrogen. Tn each indireei comjxirisou tfio experi- 
mental errors attached to tlie antecct^ciit data al)*’ct Ino final Tesult ; and the 
value for the ratio oxygen : hydrogen, which entered into tlie calculation of 
many combining weights, was for years in serious erne- hl\(’n to-divy-,* 
according to Noyes,' a slight uncertainty is attached to ^he va'nc at present 
adopted, although for most purjioses any error involved is negligibly small. 

llerzoliiis, guided by considerations of luartieal eouvenieiiee, enijiloyed tho< 
standard and this was a(lo[)l ed for many years About the 

time of Dumas’ syntly?.ses of water,- the hulrogi'ii scale \\as revived ; ageord- 
iiig to the results of Dumas, 0 =^ 15-90 on this scale, and he regarded the 
valiK! IG as probably correct. The suggestion, made later by Stas, to adofit as 
standard oxi/<jen — Id, therofori' received little support, sima' it would have 
involved very little change in <h(‘ atomie weight values at that tiini'^n u3o. 

The questi(/n of a suitable standaid was again raised when, (luring the 
period 1888-95, it became clear that, on the hydrogiMi scab', I he alomic 
weiglit of oxygen is 15‘88 and not 15 9G as had hcefi previously supposed. 
Altliougli the retention of liydrogen as unity lias lioen stromrfy favoured by 
Lotbar Meyei^ Soubeil, Clarke, and others, and still has its Miiiporters, the 
standard oxygen ="l 6 , advajcaled so warnily by Ostwald, is ini*rV ach'pted by 
iiitofiiational agreement. A very practical advantage of this .‘^cale is that 
the atomic weigh fs of a number of common elements may bo rofiri'senti'i^by 
whole numbers without appreciable error. Tt is nevertheless true that a 
large number of atomjc weight measurements are only referred indirectly to 
oxygen, the atomic wciglit of a halogen being usually involved in the 

calculation.''’ , • 

• 

Determination of Atomic WEmirrs from ^nalym's of 
Ca.seous CoMn)".vDs. • 

The atom of an element is the smallest, part of it that occurs iu the 
molecules of its com^iounds. Tlie metliod to bo folfowed iii^eoking its atomic 
weight is readily understood in tlie liglit of tliis definitionr Two seiics of 
values are necessary : (i.) thc*molecular weighls.unts conqipiinds, which may 
be obtained in a variety of ways (see Chap IV.); and (if.) the ainoiiiit of the 
element contained in each of tlic.se molecules. Tlie latter seges of wilues may 
be deduced from the results of clieinical analysis and the values found for 
the i*iolecular weights ; the re<pured atomic wciglit may tlicii be determined by 
inspection *Tlie different weiglits of one and the same element contained 
in the various molecules are always niioh* iuulti})les or one ipiantity, which ie 
^justly called the atom bt'caie^c it invana.bly ei^ters the couiijohikIs without 
division ” (CannizzaroV The atiMuic vveigfit is, in f»ct,*tho greatest common 
mgasure of the magnitiuUs (ii.)., ' • • 

The accompanyiftg tables illustrate tlie apjrlication of this melhofl.to thi 

_ ^ ^ 

' Noyes, J. Amer. Chan. Soc., 1^07, 29 , 1718 ; cf. Morky, hnithsonian ContnhuHov. 
to Knowledge^ Wdh, 2^, No. 980. , 

2 Dumas, raid , 184‘2, 14, 637. ^ i 

8 For a lull nccount of tlii5 vunous slandsyds that ha^; been suggestei# and ^secl, s< 
Miss Freund, The Stuiy of Chemical Coif posit wit (Cambridge University Press, 1904 
pp. 188-192, ' 
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letertiii nation of the atomic weights of oxygen, hydrogen, carbon, and 
phosphorp. Tn coluinna are given successively: (i.) the name of 
the sLihstance utilised;^ (ii.) the density (d),of its vapour, compared with 
that of oxygen under ’Hie same conditions of thmporaturo and pressure 
(ili.) the percentage (p) g.f the element, the atomic weight of which is 
j^ught ; (iv.) the molecular weight (32d) of the substanfce referred to that 
of oxygen as .‘?2, and^ calculated from (ii.); and (v.) the weight (32^/^>/100) of 
the element present In the molecular weight of the substance, calculated from 
(iii.) and (iv.). 

OXYGEN. 


I. 

ir. 


IV. 

V. 

Water .^ . . . . 

0T)ti31 

88-78 

18-02 

16-00 

Nitric oxide 

0 0378 

53-32 

30-01 

16-00 

Alcohol 

1-4391 

31 73 

46-06 

1(5 00 

Ether . . . . 

2-316 

21 -.58 

74-10 

16 00 

Oxygen ' . ' . 

I '0000 

100 -00 

32 00 

3-2 00=^2 X 16-00 

Carbon dioxide 

1-3750 

72-72 

41-00 

32 Oi) --:2x 16-00 

Ozone 

1-6000 

100 00 1 

48 00 

48-00^3 X 16-00 

Osmium tctrosHc 

7-965 

25-11 

254 9, 

64 00^4x16 00 


HYDROGEN. 


- 

— — 

— 

— 


I. 

nil. 

III. 


V. 

Hydrogen chloiide r 

1 13f)7 

2-77 

36-47 

1 01 

Hydrogen cranide 

o-fi4i; 

3-74 

27 02 

1 0 ! 

Water . 

0-5631 

11-21 

IS 02 

2 02 --2 x 1 -01 

Hydrogen .... 

0-0631 

100-00 I 

^02 

2 -02 --^2 X rOl 

Ammonia . . . 

0-5325 

17-78 i 

17 04 

3 -03 --3 X 1-01 

^Metliane . > .* 

0-5012 

25 19 ! 

16-01 

1 4 04^4x1-01 

Alcohol .... 

1 439 

13 15 

1 

46-06 ' 

6 06 =-' 6 x 1-01 


CARBON. 


I. 

II. 

III. 

IV. 

' V. 

Carbon monoxirle . I , - 

*'o-875h 

42-8b 

28 -CO 

12-00 

Carbon dioyule 

1 -3750 

27-28 

44-00 

12-00 

Mofnarfe . . , . 

0-5012 

74 ‘8 T 

16-04 , 

12 00 

Alcohol .... 

1^439 

.52 12 

46-06 

24 00 = 2x12 00 

Ether . ^ . . . 

2-316 

64-78 

74-10 

48-00 = 4 x 12^00 

Benzene .^ . • 

. — v: 

2 439 

92-23 

78-06 

1 72-00 = 6 x 12-00 


* Till lists/of volatile compoiiiida ary merely illustrative, not exhaustive, 

^ The “theoretical" value is given, fi'oih vliich the accurate molecular weight may be 
cvobteined, , , » 
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PHOSPHORUS. 

i" ' 

II. 111. 

§ 

1-OG47 uril :ii-07 I I'll "4 

4-liU-l ll-j r-i) K17 1 ' -'>i o-l 

:'.-9:{n 21-6; ]2ti-0 *1 ill 01 

G-1'51 I 27-01 222-4 I 02 Of>^2x31-04 

G*8.M0 

3-880 

From the resiilts contaiiuvl in the tables, the atomic .vei^'hts of oxygen, 
hydrogen, carbon, and j)}iosphoriiH are seen to be Ib-OO, 1-01, l‘J-00, and 
.31 -01 respectively. The seha-tion of 32 as tin' moieeular weight of ox}4^-cn, 
on the assunijition that the molecule of ox\gen is diatomic, thus* receives 
CO ntiri nation. 

it will be observed that in order to determine thu atomic weight of ah 
ehmient. it is not necessary to know its va[)our density ; carbon aJfords au 
illustration of«this point. A\’lu'n the element is \olatil(', as, for instance, in 
the cases of o.xygen, hydrogmi, and phosphorus [)reviously cited, the vapour 
density merely serve:? to mdicato the atomicity of the ^nolecule. A 
knowledge of tin; atomic wc-ight of an element may, in iacl, pri'cede its 
isolation in the free state, as w.is the case with lluorim*. . •* 

The method of detorminiug the atomic weight of an element (h'seribed in^ 
this section ceases to t)e aj)[)lieahle (i.) when no comjiomids of the element are 
available, «?.//. the inert gases; and (in) when the element forms no volatile 
com])<)imds ; in such caselS ihe moh'culai weigl*ts of the compounds can rarely , 
be found. Instances are aflonh'd by a* number of metals, c.y.»tho metals of 
the alkaline earths. I'lie probability that The atomic#weight of an element 
has hoeii correctly chosen by this metlaxl c' 'arly depends u])on 4h(' number 
of compoutids it furnishes, the molecular weights of which can he (hitermined. 
The atomic weights of the nou-metals, which forwi numerous volatile com- 
pounds, are thenfore known with practical certainty; l^ikt owing to tl^.e 
smaller number of volatile compounds supplied by the meials, their atomic 
w'eights, dedutJtid by this method alone, cannot bo*acceptod* with such confi- 
deuce. In various cases, howi'ver, metallic derivatives arc known, the , 
molecular weights of which in solution can he detcrmincd*by the methods^ 
described in Chap. IV., thereby supplementing the data derived from vapour- 
densTty nigasnrements ; wdnlst other methods of deducing atomic weights are 
available (see* next section), w hicb conlirm the rt^snlts derived by the ' 
^pplitiation ?)f Avogadro’s principle. • 

Determination of.Atomto Wiciuiits by ai-croximatk aI ^ 

Attention has ali^ady been drawn to J,he fiv3t that the circmical equivalent 
or cambining weights of the elements may be determined with grc:ij. accurac; 
by chemical methods. In order to select cffrrect rjultiples of these equiva 
lents for the atomic weights the corresponding elements, a]}proxim*it 
determinations of th*e atomic w-ciglils r«ay he made by the following method^:- 

1. Determifiation of the specific heat of the ch'^iK-nt or ‘of its^com^oimd* 
and the application of la\w, ^uch as those of.Dulong and Petit 
Neumann and Kopp, to the resiilt (see jif). 94-9G). 


r.6 -4U 2‘20-2 124-2 =4x: 

100 00 1-21-2 124 2 -1 x 31-04 


Pho-sphonis tnchlondo . 

,, potitiifiuonde 

,, pentasnlphide 

Phosphorous anhydride. 
Phosphorus . 
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2. Determination of the ratio of the two specific heats of the *element in 

the gasc(tia form (see pp. 96-97). 

3. A^comparison of the general properties of the element with those 

preiKcted for*'iiithcrto undiscovered ele'ments required to complete 
tlie Periodic Table (sec p. 275). 

4. A study of the crystalline form of the various^ compounds of the 

eleuieut and the application of Mitscherlich’s Law of isc^morphism 
(see p. 74j. 

6. Comparison of the transparencies of the elements to X-rays. 

In 1901 llenoist^ drew attention to the fact that the specific opacity of 
an element for the X-rays hears a^simplo I'elation to the jitomic weight. In the 
case 'of compounds tlie specific opacity is an additive projicrty, being the sum 
of the opacities of' the constituent atoms. Hence, whether the element can 
be isolated in the free state or not, its opacity and approximate atomic weight 
are capable of being determined. Tlie method has been applied to indium/^ 
and thcVesults show tliat the atomic weight of this element is U3'4 and not 
75‘6. Tlie atomic weights of thorium and cerium have been similarly fixed at 
232 and 140'25 respectively, and for Ldneinum ^ the value 9'1 lias been obtained. 

6, III addition to the preceding five methods for arriving at the approxi- 
mate values of the atomic weights of the elements, "other methods 
are^, available, based upon spectroscopic measurements. In order to 
explain these it is necessary to discuss briefly the nature of series 
linos ill spectra.® 

• In many spectra tlie linijpiave the appearance of being distributed at 
random. In others, howxvei^licre are lines which succeed each other in a 
regular manner so that their positions may be represented by formulre. Such 
a colleetion of lines is called a, 'Series ; in the series t,he lines become closer and 
less intense on passing in the direction from red td violet. Usually a uiimbev 
of series co-exist in tlic same spectrum, and only in very few cases lias it been 
found possible to repiLseut all the observed lines as members of series. In 
discussing 'series it is more ciruvcnieiit to deal with the wave number (or 
“ oscillation frequency ”) than with the wavc-lengtU (A.), 'fhe wave number 
(n) is lO^/X, or the npmbdr of waves per centimetre; and^it is usual to correct 
the yaluo to vacuum. 

In 1885 Balmer® discovered that the linos in the ordinary hydrogen 
spectrum could be ropresehted with great accuracy by an equation of the type 

n-^X(l/T-l/M2), 


where N is a constant and for 7H the successive integers 3, 4, 5, . are 
inserted. The value of N is found to be 109,675, and, as it is fundamental 
importance, it is spoken of as tho ‘‘ universal constant ” or as “ Rydberg's 
coiistant,” for reasons which, will appear presently. 


^ Benoisy Compt. rend,, 1901, 132 , 324 and 546. 

^'’Benoist, ibid., 19CJ, 132 , 772 ; see also Inuium* Vol IV. of tliis series. 

3 Bfcnoistand Cojiaux, Compt. retd,, 1914, 158 , 689. 

* Benoietand Copaiix, ibid., 1914, 158 , 8.59. 

The author.^ wish to express their thanks to Mr W. Jevons, B.Sc.^iW kind assistance 
in,the preparation of this section. For further details the reader is referred to the report 
on “ Series Linos in Spectra,” in Monthly Nolkcs of itnjal Astronomical i’oe., 1914, 74, 354 ; 
Forler, Tl^e Bakerii^u Lecture, VUl, Trans., A, 214 ; Nature, 19, U| 93 > 

.Vuecirorow (Longmans & Co., ..2nd edition, 1912). 4 .• 

' 8 Balnier, Wied Annalen, 1885, [iii.], i5,<80. According to % measurements of Curtia 
{Troc. lioy. Soc., 1914'. A, 90 , 60.5), however, thc.‘ rst six lines of the hydrogen spectrum are 
not exactly represented by Balmer’s formula. 
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It is e^sy to see that N/4 is the “limit” or end of the senes, correspona- 
ing to m = oo . Denoting the “limit” (or “convergence ircquency,” as it is 
sometimes called) by Woo, Balmcr’s equation may 1" 'ritlCm * 

71 == Uy* - 

The work of Il;ydl)org^ showed that a great many similnr scries occur 
spectra. ^Tlio series could not, however, he represented hy lii^l^mer forinulw, 
although very good representations could he obtained *by eij nations of the 
type 

I //)-*. 

In this equation N is* the “universal constant” of value 100,075 ; and fi 
are two other constants special to each seri(‘s. Tlie vaO, lo of p is usually 
fractional, and 7i^, which denotes the “limit” of the series, is no longer 
e(]ual to N/4, as in Balmer's equation. 

It may he stated at once tliat the Bydl'erg formula usually faiUto repre- 
sent series within the observational limits of error, and more exact formula) 
have been devised. These ditl'er from Rydlicrg’s forn\jila in that tlie expres- 
sion (7 ?i -f is modified, (i.) by Hitz to fS/m')-, (ii.) by bowler and 

Shaw to (7a4-^x)“ + a, (iii.) by Hieks to {ni a + [i/ 1 / 1 )'^, and (iv.) by Paidson to 

(//< 4-/a)V'', whore a an^l fi and b are constants.'-^ The foimu’,a of liitz has 
the^isad vantage that in some series (sharp scries, vldeivfm) m does not have 
integral values, bfit has to be put equal to 2*5, li t), 4*5, etc. In the seqtiel 
Bydliorg’s formula will be used; the necessary modiiieations to obtain*the 
Bitz, h\)wler and Sha^v, llieks, and Paulson equations will be obvious * 

In the general case three associated series are found in the same s])ectrum. 
They are referred to as the Pi'incip<tl, Dijfuse (or 1st Subordinate), and l^harp 
(or 2nd Svdiordinate) series; and the Uiimes are ablireviated to P, J), and S. 
The limits are denoted by Poo , L)oo , and So^ respectively. With tlie Bydberg 
formula tho first lino of a princi}>al series is given when 7/i“l^; with the 
subordinate series, when 7n, = 2. Tho relationsliip.s between the tliree series 
are shown in fig. 7d, winch refers to tho spectrum of lithium. 

Tho equations P' the P, D, S series may be wriden , 

P. 7/- = P(77i) = poo N/(')Ii -t- ;>)^, whore 77i = 1, 2, 3, . in succession. 

D. 71= - N/(7/7-f(/)^ „ 4, . . • 

S. 71 ~ S(/77)= Soo -N/(77i-t- .<?)-, ,, 7/i~2, 3, 4, . . 


Several remarkable relationships have been discovered which connei'.t these 
serid?!, vi/^. (i.) Dco=Soo, (li.) Pcjo -I)oo=P(l), and (lii.) S(l)=-P(l). 
From these Matioirships it follows that the s('»i(‘s eipiations may be 
•written: — • , » 


and 


V{m) = N 

D(77l) = N 
8(777) = 


\I[1+SY ^1/(777 -l-p)n 
l/(lfj0)2- 1/(777 
1/(1 +Jt >)2 - 1/(777+ SY 


(1 s -* mp) for short, 
, or (Ip - 7/(d)J'or Bhoi+, 
|, op (Ip - 777s) fdr short, 


^ Rydborg, K. Sve 7 isJca Vct.-Akad. Ilandl., 18<i0, 23, (No. 11 ; rari^ Infrrvational 
Reports, 1900, 2, 200. For d summary of tho fust of tln'se papers* see Rydberg, Fhd, 

1890, [v ], 29, 331. • * 

2 Ritz, rhysiJ^l Zeitsch., 1903, 4, 406 ? 1908, 9, 244. 521 ; Physik^^m^, [*v.], 
12, 264 ; 1908, [iv.j, 25, 660 ; Astiophijs. J., 1908, 237» fowler and Sl^w, i^otf ]R>y. 

Soc., 1903, 71, 419; Hicks, rfde -infra-, }<aif!soit, Lvnds Vniv, Ars^dri/t, N.F. Afd* 2, 
1914, 10, No. 12. See Halm, Trans. Ro^. Soc.J^dxii., 19^4, 41, 55f. 
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When each coniffonent of a series is a doublet the series rel.itionsliips aw 
more involved. A P doublet series may be regarded ai made up of two 
analogous single line series wlvieh converge lo tiio hame limit. Corresponding 
linos in these two part-sericu are said to form the Cf^yijionenta of a doublet, 
and the diHerence between the wave* numbers of the comjionents is termed , 
the “ intervar* or 'vhration diderencc of the donl/i(;t. The int.Tvals of the 
successive doublets in a P series converge towards zero as in increase'sr 
AssociatciJ with a D doublet series are D and .S double? seric!?, but in these 
series the doublets do not close up but liavo a eonstaiit interval, 'Fhe interval 
is tlie same for an S doublet as fora I) doublet, and is further equal to the" 
interval of the first P doublet. The data L*iven m tlu* aeeomp;inying table, 
referring to some of Ihe doublets in the P, D, S series of rubidium; will 
serve to illustrate the preceding statements : - 

RUBIDIUM SERIES LINES. 


I’lincijial iS or 10.^1 

Dili’. 

Dillu-.i; Sonos 

Dili'. 

Sh.irj) t5ovii‘<4 

» 

Diir. 

n. 



'II. 


71 . 



12,5791 
]2,S17 J 

* 

238 

12,887 

13,121 


234 

13,494 

13,732 

l" 

238 

23,7151 

*23,792 


// 

15,872 1 
18,107 


235 

10,229 

10,407 

■ 

238 

27,834 


* 

17 4 (Jo 


2.30 

17.081 

1 


27,8G9 



17,099 


17,918 

r 


29,834 1 

1 


18,105 1 


230 

is .040 1 

1 


29,S5;} 1 

r 

1.8,(141 J 

r 

18,781 J 

1 

JtOO 

30,958 1 
30,9ti8 J 

i 

10 

19,0(15 1 
19,241 J 

« 


236 

» 

19,101 1 
19,333 J 

i 

232 


Doublets may be often recognised by tlio eye, l)utdre([uently the doublet 
intervals are so large that other Kpeetrnm linos come between tluCcompoiumts 
of a doublet, which are thus dillicult to find It will be noticed tluit the D 
and S series for rubidium overlap in this manner. ■* ^ 

Tict tlio six sb.gle line scries which together constituteJ^Jie^three as.sociated 
P, D, S doublet series be denoted by l\, I*.,, D^ I).„ S,, S^., 'Then I’joo - Pgoo . 
The following* re1ationship.s, strictly aual()gous*t</ those already given for 
single series, are also found to hold good, viz. (i.) !),«> -=S,co and D.^oo ^Sgoo, 
(ii.) Pjoo - S^cx3 - D](l) ~ (*“•) 9.nd 

8 . 2 ( 1 ^= -P.,(l). P’rom these relat ionships it is easy to deduce that the six 
series oquitioys, in the abbreviated nutation of p. ^oo, become: — 

Pj('//i) ■- Ls - m})y More refrangible. 

. 1 .; Is -Dip,,. Le.ss $ ,, 

Dll'/') == D'l - md. Less 

in<L. More ,, 

(/?4 “ l/'i “ Dess. „ 

S , (?'i) -- - DU. M 'I’e ,, 

If, for a definite value i^f wi, Sj(w) is less tlian S. 2 ( ?/!)•» it will be clear tjhafc 
Dj(m) is also less*than but tliat Pj(^») is greater than Pjfwt), i.e. 

the more refrangible components of* the 1 ) and S doublets are yafisooiAbed 
with the les.s refrangible compom'uts of^ho 1 ^ doublets, and rice derm^ 

The various relationships bet\\;cen the P, 1 ), triplet, series are strictly ^ 
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analogous to those hetween P, I), S doublet series. Tlic series, f(y' instance, 
is made up of thA'O single line series which converge to a common limit. 
Correspoif ling lines\;onstituto the components^ of a triplet, which is usually 
regarded as ha'drig two'.yitervals, viz. that bctweeF. the middle and the least 
refrangible line (vj) and that between the most refrangible and the middle 
lino (vg). The values of and converge to zero as increases. In the 
D and S triplet series the values of and r., are constants ; Vj and r., liave, in 
genera], didercnt vaTucs, and, moreover, are ecpial to the intervals of the first 
P triplet, bhirther, the limits of Dj(7a), L>3 (ot), the part-series which 

together constitute l)(?a), are respectively eciual to the limits of f52(w), 

83(7?^), the part-series of ; aiai so on. 

A' fourth type of series, the Fundamental or F series, may be mentioned. 
In the simplest cash it is represented by tlie ecpiation — 

F(?/i) = N/(’J + - N7//r, 1, . . 

and the relationship Doo -Foo ~ 1)(2) is found to hold good,^ 

, The lines belonging to one and the same series are similar in character.^ 
Lines in difterent speOcra {i.e. the spectra of dilierent (dements) that are 
similar ih chanicter and correspond to the same value of m in series of the 
same type are called homologous lines, in a similar manner it is possible to 
talk of homoltfgouH doublets, triplets, and seritis. 

It has been mentioned that one senes of lines, the llalnuu’ seric's, has been 
found in the hydrogen spectrum ; other serii^s are also kiiown in the same 
speiitrum, and the same is true for the spectra of helium and neon. The 
Spectra of the alkali metals sndium, potassium, rubidiurp, and ciesium contain 
P, T), and S doublet series, and it is very probable that what appear to be 
single line scries in the lithii’in spectrum are reidly 'close doublet series. 
Aluminium, gallium, indium, thallium, and probably scandium, yttrium, 
lanthanum, garlolinium, and ytt(M;bium sliow doublet series in their spectra. 
The spectra of magm'siurn, calcium, strontium, barium, radium, zinc, 
cadmium, mercury, and europium contain triplet series although all the 
P series are not yet known. 

One (3f the n>pst< valuable methods for detecting homologous lines and 
seriesds to exanuuiO the influence of the magnetic fiedd on the) spectra. AVhon 
a source of light which gives rise to a line spiictrum is plac(^.(l in a ])ow'erful 
magnetic fiehl, many of the spectrum lines are found to be resolved into two, 
three, or Oiven more, components, lying close together. This was discovered 
by ^ 5 eeman in 1806 , and is (;alled the Zetunan effect.'^ It is readily accounted 
fQjr on ^he hypothesis that an atom consists of a central core surrounded by 
electrons, to the motions of which tluj spectrum linos the element 

flue ; for the motions of the electrons, which are electrically charged,, 
Would bo affected by the magnetic field. 

%' It was discovered by '’rc.ston ^ tiiat, for the same magnetic fiidd, all lines 
' beloiigiiig tu the sainc scries exhibit exactly the eame magnetic resolution 

. ^ For fuiv*^her details coiicei jiing F series, and for discusHioiis of (i. ) the ‘ ‘ satellite ’’ lines 

associated with oertaiu D serie and (ii. ) the “ condiinatioii ” principle of Ritz, the references 
already given may be cons^ulted. 

“ In observing til e character of lines it is nejc.ssary'co notice whedier they are sharp or 
diffuse loyg or short,, and readily self-revor.sed ; how they are affected by the magnetic held, 
fSelf-indn tioiijcetc. See Baly, a7. 

8 Zeeman, Phil. Maq., 1897, [v.], 43 , 226 ; 44 , 55, 255 ; 1898, [v.], 45 , 197. 

'* Preston, Sci. Tram. Hoy. Ifahl. Sue , .1899, ['U.], 7 , 7 ; Phil. Mag., 1898, [v.], 45 , 325, 



ATOMIC VeIGHT^-AjID EQ\TIVAiJBNT 6 r COMBINII^G #EIGHT^^ 

wnen tne results are ^expressed in wave numbers ; and Runge and Raschen * 
found that^this law could be extended to correspond’ e >• series for different 
elements. From the point of view of the Zeeman effee ./ it is necf^ssary to 
consider a doublet (or triplet)* series as being made n(j of t:,\vo (or three) 
separate series, since Dm components of a doublet (or tr plet) usually exhibit 
different types of resolution; in the case of helium, however, ihe types are 
all the same and of the simplest variety.- 

The tiiftt detinito connection between Die spectra, of allied dcimmts and 
their atomic weights was discovered by liccoij de Roisbaudran,'^ who was 
thereby enabled to calculate the atomic weights of gallium and germanium 
by comparing their spectra with those analogous elements. Rc^tter 
methods have since b^cn devised. Rydberg'^ noticed that whi'ii the homo- 
logous series in the spectra of analogous elements (c.//.^ K, Rh, Ds) were 
compared, the intervals of th(' donhleis or triplets in the I) and S senes (or 
what are equiv'alcnt, viz. the intervals of the first P doublets or triplets) were 
nearly proportional to the sipiares of the atomic weights. For 'iistaiice, 
comparing the I) and S triplet series of cadmium and zinc, and using the 
notation already employed in this section, it is found tli^it — 

while 

Cd yZn- -- 2 OGO , 

in oilier cases, however, tlin agreement is by no means as close.-'' Rnnge and 
Precht® assume that this proportionality is exact, provided that some otRer 
power of the atomic weight be taken, this power being approximately equal 
to two. Accordingly, v'tlicy plot the logarithms of the atomic weights of 
analogous elements against the logaritlims of Dio liomologoiis doublet or 
triplet intervals and supj_^q,se that the point.^ obtained lie on a series of 
straight lines, one for each series of analogous elements. 

Runge and Precht applied their method* to deduce. ^the atomic weight of 
by comparing its spectrum with tho.^spectra of magnesium, calcium, 
strontium and barium, and deduced the result Ra - 257 -8. Ordinary chemical 
methods, however, show that the corrc'ct value for t.i;e atomic weight is 226.' 
The method of .^uflge and Preelit is Dierefore ine\-i(A. dj^ho relationship 
between the logarithms of tbc> atomic woi,ghts and of the'I'f'oiiucncy intt^rvals 
is, in fact, not oistFictly linear; but an ompi Deal 'eiyinectipn. .may bo deduced 
between them and eepressed in an inli-rpolation formnla o’f tim type: - 

log at. Wt. = a + ^>-(log y) I- (-(log j/)“ + (/(log i/)H .* . . . 

Who* these equations aro deduced for the various families of analogous 
elements iif is possible by interpolation to obtain atomic weights with con- 

’ Runge and Paschen, Ash^opJo/a. 1902, 15 , 2^9, .3*13 ; 16, 118, l‘J 3 . 

“ See this volume, Partg. hor a flill discuss^jii of tlic Z^iiimu eilect, soo Zi-eman, He- ■ 
se.irches in A/ar/)ieto-Opt7cs {Miu'jmWm, 1913). ^ 

* Lecoq de Boi,sbaudmii, CmupL nPiid., 1809, 69 , 445, 606, 6rJ«, ^694 ; 1870, yo?*144, 
974 ; 18S6, 102 , 1291 ; see also Miss Frcuml, Study o/ Chemical Compositiim (Uamb* IJniv! 
Press, 1904), chap, xvi, ; or Wurtz, Viclionnaire de Chimie, Supplement, p. 859; and ef. 
the criticism of Ames, Phil. May,, 1890, fv.], 30 , 33., A mos'^Kiper contains ail* interesting 
account of the early work on 4!ic relations bet\vi-on the lines of\'aii»us spectn* 

^ Rydberg, loe. eit. - •» * 

® Maivshall Watts, Phil. May., 1903, [vi.jf 5 , 203 ; 1904, [vi.l, 8 , 279 ; cf. Ruiiye iMd 
1908, [vi.j, 6 , 698? . ^ » 

® Runge and Precht, Phil. May , 190:j, [vi 476. 

’ See Vol, III. • * 
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siderablo accuracy. The deduction of atomic weightJi by extrapolation^ 
however, is naturally less aocurato, but nevertheless Watts has ^nown that 
by extrapolatin<y llX- curve for M<^, Ca, Sr, and Ba a good value is obtained 
for the atomic, weight (j/ rjidium, vi/. 22()'6d ' ^ 

The uncertainty at^uiolung to tlie preceding method is increased by 
Zeeman’s observation that lithium does not fall into lipe with the other 
Alkali metals.- 

Another fLilatioiidiip between the wave numbers of certain hrmologous 
lines of analogous elements has been observed by Kamage, viz. that the 
'difterences between the wave numbers of the lines are proportional to the 
difFe^-enees b(itween th(^ sipiares of the atomic weights of the elements.^ For 
example, the following are homologous lines: — * 

' (-a. (ditT.) Sr. (dill.) ba. 

n = 23,657-9 21,703-7 ' 18,064*6 

(1951. -2) (3639 -1) 

t 

If, then, the atomic weights of calcium and barium are taken to bo 40*1 and 
137-4 respectively, and the value for strontium is denoted by .r, 

< V {.^.2 _ (40-iy')/{(137-4y‘^ -.x-2} = 1951-2/3639-1, 


whence a: = 87 *42, in good agreement with the experimental value. The 
relationship tlius illustrated is, however, only of limited appli(;ation, ejj. in 
general it is not possible to choose the analogous elements so that some a?-e in 
MendeleefF’s short periods and the others in the long periods (see (Tiap. VIII.). 
The connection between the s(piarc of the atomic weight of an element 
" and the doublet or triplet intervals of its 1) and S smes has been further 
developed by llicks.-^ Any of the senes equations already mentioned may be 
written in tlie form " ^ '* 

where is the ‘^limit” and = a fiMctiun, the fradion being in 

general a function of the integer in. If this ccpiation denoU's the less 
refrangible comjionents of a D or S doublet series, then, instead of representing 
the more refranpP)le*components by the eipiation 

^^=N[i/(<^;y-’-i/cA,i5 

* * ' f 

as was done, for instance, on p. 237, the alternative form, viz. — 


may be utilised. Similar cipiations may be written down for 1) and S tfiplet 
series, provided two di He rent magnitudes and A .2 be employ eel. As the 
remdt of a critical examination of the line sjicctra, of twenty-five elements,* 
Hicks concludes that .the nu/^nitude A is, or, the magnitudes Aj and Ag are, 
mul^’pks Q.^ a quantity (90*4725 ± 0-013)W‘‘^.10 ^,^which is called by Hicks 
the ot{ii and denoted by ; W is the atomic weight of ,the element. Sihee 


1 Marshall Watts, mi. Mag., 19^4, (\i.], 8 , 279 ; 1909, [vi.J, i 8 , 411. 

® Zfeinaii, *Proc,. K, Akatf. tVetemch. Am^erdam, 1913, 1(5, l.^>,*). 

Rainagc, Proc. Hoy. Hoc., 1902, JO, 1, 303. t 
i Marshall Watts, Phil. Ma(f., 1903, [vi.], 5 , 203; 1904, [vi.], 8 ; 279 ; cf. Run” 0 , ibid., 
1908, [^*1^6, 698. f 

» W. M. flicks, Proc. Hoy. Soe.. 1910, 83 , 226 ; 1912, A, 86 , 413; 1913, A, 89 , 
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the values of A, A^j^aiid Ag are large multiples of the ouu, it would appear at 
first sight that Hicks’ results afford no evidence (hat ^^le atomic weiglits 
utilised, i,e.^ tliose at present in common use, aio tlit iforrect mifltiples of 
their combining weights, bi’it nevertheless certain im|. erica 1 relationships are 
observed which enable the elements to*lie arranged in groups, and these groups 
are found to coincid ■ with the sub groups of the I’criodic Table (see Chap. VIll,]^; 
e.g, the values of A^ + Ag for Oa, Sr, Ha, Ra all appear to be m”]tip]es of 58^, 
those for .hi, Cd, Hg are multiples of 6^^^, etc. Tlie most interesting feature 
of Hicks’ work, however, from the chemical point of view, is (hat it suggests 
the possibility, when the requisite spectroscojiic measurements have all bCeu 
brought to a uniformly^ high degree of accurift‘,y, of being able to calculate the 
atomic weights of the elements with an accuracy equal or superior to* that 
which can be obtained by direct chemical synthesis or aualj'sisd 

The various sjiectroscopic methods for deducing atomic weights, here 
outlined, were not developed until the modern atomic weight table hail been 
firmly established, and few, if any, 'atomic weights were in doubt Their 
applicability is therefore limited to elements that may be dis<;ovt‘rcd in th<j 
future; but they obviously allbid valuable corroboratAai evidence iu favour 
of the atomic weights at present accepted. Similar remarks apj^y to Wmoist’s 
X-ray method Hp. 234). 

Brega UT ioNs to re ohserveo durino the Accurate J)eterminati()N 
• OE Atomic VVekjuts,^ 

With increasing knowledge of any science, there comes the demand for 
greater accuracy in thft experimental work. Conse(piently the rough analyses 
with which chemists >Y<^ro satisfied fifty years f^o havi' given pliua* to more 
accurate determinations, *a«d methods which were then regarded as satis- 
factory arc now discarded as yielding too great an experimenfal error. In 
no sphere of science is this realised more aciTtely than it# the one now under 
discussion. Whilst a century ago the atomic-weights of many of the common 
elements were not known with certiinty even to within one or two units, 
numerous investigators iu recent times imv(‘ spmit }^ar8 in determining them 
accurately to th-i second place of decimals; for exam^t, ttihas nowjjeen 
definitely shown that the atomic weight of nitrogen i? mbre correctly 
represented number 14 01 (()=:10) th?ln*hy 'i»l‘(f4, w'liich latter 

nunihcr was generally accepted until about the year HJOo. ^ 

First among the steps which must he taken in the perrormance of any 
accurate atomic weight determination is the choice^of methods to be used, 
involving t|ie careful study of the nature of the substances which ivill best 
serve the purpose in view. Many an otherwise excellent piece of work has 
l#een tenden^ valueless a vviong choice of material at the beginning; 

for often no amount of care can olitain significant ^results from unsnilahle 

^•For an attempt to express the constants in tlie Rydberg forniube f(fr analogous ol(;ipients 
as functions of their atomic weights, see Kaniage, loi. at. Various attempts have been 
made k) connect the spectra witli the atomic volumes of the elements ; see Hiclfs, he. cit, ; 
Halm, loc. cit. Reinganiun, Physikal. Zeifsek, 19(W, $, OOjl ; Rossi, PhiU 1911, 

[vi.l, 22, 922. * • 

^ Tliis and the succeeding sectifln on tlie atomic weight of lithium are adapted 
and condensed froij^ the exeel lent memoir 1)^ Theodore W. Richard^, publislj^d by the 
Carnegie Institution of Washington, 1910, No. 125. •The authors desire tf*.‘ickTi#wledge 
the courtesy and kindness^of Professor Riobartk iftid of the President of^the Carnegie lastitu- 
, tion for permission to make full use of this Biemoi%in the present work. 
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mbstanoes, and a bad method may nullity the Talu/ of many elaboraio ' / 
precautions. 

To mrke cloarei the importance of careful forethought, it is worth while 
to empliasise some of precautions which myst be taken in choosing the 
best conditions in the determination' of an atomic weight. Four main 
requirements must be fulfilled at the outset if the work is to have any value, 
fn the first place, a compound must be selected which may be prepared in a 
perfectly puf'e stat^. Secondly, this compound nnust contain, besides the 
element to be studied, only elements with definitely known atomic weights. 
Thirdly, the condition of valency of the elements in this compound must be 
definite ; thus, for example, air iron compound must be wholly ferrous or 
ferric. Fourthly, the compound selected must be capable of exact analysis, 
or else of exact synthesis from weighed quantities of the elements concerned. 

All these four obvious roqiiirements were perfectly clear to the early 
masters, Marignac and Stas, who endeavoured to work always in accordance 
with their demands. Their fulfilment, however, is not always easy, and it 
often requires wide chemical and physico-chemical knowledge to choose 
rightly the substance to bo studied. 

.Th^ material and methods having been chosen, the following work 
resolves itself into two parts: first, the qualitative task of the actual pre- 
paration of enough pure substance ; secondly, the quantitative task of 
determining ^its composition, of comparing it with weighed amoimis of 
other pure material, or of measuring some other specie! property under 
investigation. 

. Purity of materials is not always sufficiently sought. Kven Stas, at 
times, with all his precautions, did not always attain d perfectly satisfactory 
result in this respect. 

The quantitative process, which follows the qualitative purification, may 
consist eithci of chemical analysis or of physical measurement. Chemical 
analysis is, of conrsoj very different from the qualitative preparation of the 
material, although in both casos the experimenter wishes to obtain, at the 
end of his experiment, a perfectly })urc substance uncontaminated by iiny 
accidental impurities. The piohlein of the quantitative determination is 
vastly iiicreased' in ditlienlty by the fact that not only ir. ist the final sub- 
stance be piife, b<it also every possible trace Of tliat substance must he pro- ^ 
duced that can bo .produced. In the qualitative- purification 90 per cent, of..^ 

’ the substance may be lost witliout any anxiety ; but in the quantitative;;^ 
estimation even the thousandth jiart of 1 per cent, must not bo lost ififcr' 
can be avoided; and if a minute percentage is lo.st, some process must Ije.c 
undertaken to prove its exact in.aguitude, so that due correction maylM' 
made. Phy.si('al inea.S'firement, whether of density, tempeniinre, pres^W, 
electromotive force, or any other property, is also entirely distinct* frorti 
qualitative preparation. v 

Certain considerations apply to nearly all chcmicaC work, whether 
qualitative or (pidutitative, since several' physico chemical tendencies' of 
matter greatly afl’ect the purity of nearly all preparations. The generality 
of these fendencies arise from |/he fact that materials are generally purified- 
by changing the state oP phase in which they exist.' For '«xam})le, a salt is 
purified by dissolving and crystalfising it, taking it firsUiiito a liquid phase, 
and thm\. again fringing it back into the solid condition. A b'quid is purified 
by di^illafion — a proces'o involving., a double change of phase. Thus the 
exact purification* effected by any such process depends in each case upon 
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what napp'ins at the moment of formation of the new pha|e, as well as upon 
the completeness with which this phase may bo soTKirated^ mechanically from 
the residual one. • 

The complete separatioif of the spbstance conceli^ed depends upon two 
different factors. Firstly, the phases must be separated completely from one 
another, otherwise ' each will be contaminated with the other and thus ' 
rendered impure. Solids, for example, must liave adlierigg to ilicm none of 
the liquid from which they were separated, and no liquid must be enclosed 
in colls within their siibstance, , laquids must retain none of a finely divided' 
precipitate, (bases must be freed from fine drops or impal[)able powder be- 
longing to the phase ftom which they were to have been separated. This,part 
of the separation is purely a rneclianical one, involving tlio^use of sepiirating 
methods which depend, for their eihci('ney, upon the different properties and 
characteristics of the phases to be separated. 

On the other hand, another more insidious cause of imp\irity exists in 
the tendency manifested by a phase to dissolve a portion from any other 
phase witli which it may come into contact. This tendency iuai\ifehts itsoli 
in solids as the so-callcd solid solution or isomorphoms mixture j in liquid s, 
as solubility ; and in gases, as the vapour teusion of the iinpurilyTj^he 
contaminating substance retained in this fashion is not merely held in 
mechanical fashion, but becomes physico-chemical ly a part the phase 
whioii contains it. 

For example, tlie usual ways in which solids formed from liquids may, be 
contaminated may be considered. 'Ihe crudest and most obvious cause of 
contamination is purely mechanical ; much liquid adheres to the surface of 
the solid. In the preparation of pure substances the centrifugal draining 
of the crystals is of duoriaons assistance in eliiAinating this adhering mother 
'liquor. The advantages of ‘centrifugal getion, which lias long Jieen used in 
technical processes, have been apprecialed b^ few scientific irivosilgators.^ 

A less obvious, but merely rneclianical, cause of incomplete Reparation, 
arises from the fact that all precipitates or crystals made from acpicous 
solutions contain included water wdiich does not belong to them, evim, for 
example, the beautifully brilliant and apparently (ppitc *dry crystals of 
electrolytic silve’iV^ This api^ears to be very pure, bnt' V reality coiHains 
both water a nd si lver nitrate imprisoned in ipiiRUto celltj, throughout its 
structure. Thus, as a rule, every solid prepared from a lupiid which is to bo 
weighed with accuracy should be fused in a dry atmosphere •hcforo*v\cighing 
in order to expel the accidental water. Merely heating to 200“ CJ. or more is 
not (plough, because the traces of included liquid are not able to force their 
way out of*thG^firmly knit solid structure. , 

Walter nqpy bo held, not merely mechanically, but also in chcmkal 
fashion with great pertinacity. Tlie presence of «jinsuspected traces of water 
constit'utes one of the most insidious soiiWs of en’or in preci.‘^ chemical 
wor]v. It is not easily iirnind Jjy chemical tests, and ^ften prodii^e!^ no 
important change in'tbe outward appearance of the substance in whiuh it 
lurksp although its presence may he far more injurious than almost any other 
impurity. To illustrate this, suppose that th^ atomic weight of lickel is the 

^ The coii.sisteiit use%f tliw pioces'- lias cn«tiibuted much to the succese of the llan'jjjrd 
work on atomic wt#pht.s. , * • * *# 

^ Rayleigh and Sidgwick, Fhil. Trans., 18^, 175 , 470. * Ricliards and his co-W(-iker9, 
Proc. Amer. Acad., ISOS' 35 , 123; 1902, 3 ^ 415. Zedsch. pJiysiLnl. Cheni., 19C3, 46 , 
1$9. J, Amer. Chem, Soc , 191.'», 37 , *7. IIRlett and co-workers, Trans. Amer. 
JSUctrochem. iioe., If 07, 12 , 257 ; 1912, 22 , 345. 
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constant to bo determined, and that 0*1 per cent, of residual crysUl water is 
present ii} nickel bipitiide to be analysed. 'J’his comparatively small amount 
of impurity wo^uld raise the resultiiijj; observed value for the atomic weight 
of nickel from 58-71 to "^8-93, or more than a third of one per cent. The same 
amount of cobalt bromide present as an impurity would cause an error only 
■ about 1/700 so great, namely, about 0 0003 - an amount <vholly negligible. 
The elimi^jation i;>f water is therefore one of the most important experi- 
mental problems presented to the exact analyst. Tiiis has been solved at 
^ Harvard by the gradual evolution of a very simple apparatus.^ It consists 
of an? ignition tube All litUal intp a soft glass tube (JD which has a projection 
or pocket C in one side (see Hg. 74). A weighing bottb is placed at the end 
of the latter tubo,jand its stopper in the pocket. The boat containing the 
substance to be dried is heated in the hard glass or (piartz tube surrounded 
by an atmosphere consisting of any desired mixture of gases. Those gases 
are disj>laced, after partial cooling, by j)ure, dry air, and the boat is pushed 
past the stopper into the weighing bottle, by means of a wire through A, the 
stopper being then forced into place and the substance thus shut up in an 
entirely dry atmosphere. The weighing bottle may now be removed, placed 
in an ordinary desiccator, and weighed at leisure.^ 

In numerous cases it is impossible to fuse a substance witliout decornposi- 



Fio. 74. 

tion taking place. It is then necessary to dry the substance, preferably in 
the bottling iipparatus already described, under delinite conditions that may 
readily be reproduef-d, and to carry out special experiments in which the 
substance,'* dried as for an analj“sis, is decomposed in a suitable manner and 
the water set free collected in a phos[)horus pentoxide tube and weighed.® 
In other cases it is possible to obtain a substance free from water by a suit- 
able^choice in method of preparation. For instance, yt is impossible to 
prepare anhydrous selenium dioxide by deh5drating selenious acid, but it 
can be accompfislred b)^ synthesising the oxide (which-'W^blimes without 
melting), from selenium and oxygen.^ 

Still considering the pernicious influence of water, there exists one other 
class of substances to be mentioned— -namely, substances which are decom- 
posed by water. The problem in such cases is obviously not to eliminate 
welter contained in the substance.s but to prevent access of water prior to the 
determination of their wmight, and in general it is necessary to take particular 
precautions to purify % substances from the produces formed from them by 

’-Richards, Zcksch. anorg. Chnn., 1895, 8, 267; Richards^ and Paikcr, ibid, 1897, 
13,86; Richards, Kothner, and Tiedo, Amer. CJmn.. Boc.., 1909,31, 6; Richards and 
Willard, ibid., 1910, 32 4 ; Carnegie Inst. Publications, 1910, No. 125. 

» See alsd Egan ami Halite, J. Amer. Chem. Soc., 1913, 35, 365. 4 
" * Examples may be found in the work of Haider and others ; see Baxter and Coffin, 
P Amer. Chem. Hoe., 1909, 31, 297; Baxter and Jesse, iftid.,*1909, 31, 541; Baxter, 
MuoUff, ^nd Hinef;, ibid., 1909, 31, 529 ; Baxter and Tilley, ibid., 19*^9, 31, 201 ; Baxter 
and Jmios, md., 1910, 32, 298 ; Baxter apd Chapin, ibid., 1911, 33, Iv 

* Jannek and J.* Meyer, Zeilsch. Eleldrhchem., 1913, 19, 833; Zeitsch. anorg. Qh^my, 
1913. 83. 61, 
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wiri action of water.^ The chlorides and bromides of the non-metals are cases 
in point. ^ * 

Tije solvent itself is not, however, the only i..ipui'ty carried (iown with 
the precipitate or crystal ^formed from a licpiid ; tr| tvn of ai^y and all othet 
substances which may be in solution Are likewise adsorbed by the j)recipitate. 
Thus, in any ordinary metathetical precipitation ‘the pia^cipitate is likely to 
contain traces of all the acids and bases present, besides the comjionents con- 
stitufmg the precipitate proper. Silver chloride, for ex^imple'when precipi- 
tated from sodium chloride by silver nitrate, may contain traces of sodium^ 
chloride, of silver nitrate, and of sodium nitrate, according to the manner of 
precipitation. The ^ily way of guarding Jgainst this source of error is to 
use solutions at as great a dilution as possible. 'J'hat portion df the 
adsorbed substance on or near the surface of the precipittite may usnally be 
removed by thorough washing, but some is generally imprisoned beneath the 
surface, and no amount of washing can eliminate this. Those prccipkates 
which, like silver chloride, have a loose sponge-like structure, ma}'*thorefore 
bo more successfully washed than the rigid crystalline ones; for the inner- 
most pores of the spongy precipitates are accessible, while those of crystalline 
precipitates are not. Hence such precipitates are enuuciitl^y sukr.biit for 
precise work.* 

Not only do solids thus formed from liipuds tend to hold the impurities 
which surrounded therh at the moment of their formation, but* solids formed 
from solids have precisely the same tendency. Thus cupric oxide made by 
the ignition of the basic nitrate always contains nitrogen, which is t)bly 
eliminated at the temperature at which the oxide itself bc'gins to d(‘compose.‘^. 
The mechanical ifiethods for removing solid impurities from li^piids are 
so well known thaif attention need not bo directed to them hero, except, 
perhaps, to reiterate tliC advantages of centrifugal treatment and to 
emphasise in passing the conveniimce and accuracy of the •Gooch-Munroe 
crucible, with a mat of polished platinuin sponge tu.* a liltering medium.^ 
The physico-chemical causes of contamim^tion of li<juids, how'ofor, are less 
generally known. All liquids tend to dissolve a portion of evciy otlier phase, 
whether solid, liquid, or gas, with which they c(fme ^nto contact ; e.ff. the 
vessels in whichHho liquids are contained, the prccipitfjteif fjroduced within 
them, and the gases above tITem. Sometimes the soluliilit^ is so slight as to 
be negligible more often than is generalty supposed its extent is 

appreciable. Stas, who employed glass vessels, was never able free his 
salts completely from silica. Increased accuracy is now attained in modern 
woii by the use of vessels of platinum and fused quartz. 

The »olu^)ility of precipitates alFects the result of final quantitative 
^ analysis in obvious ways If the precipitate is soiAcwliat soluble in water, 
*it will not ftll be collected upon the filter, and some means must be taken to 
estimate the amount ,>vliicTi- refliaiiis in »olution. ^Mercover, if some of the 
precipitate dis.solves, the^nd pmnt of the reaction becomes difficftlt tg (^tect, 
^ . . _ * • _ . - _ 

For suitable methods of procedure, see Thorpe, Trans. Chrm. Soc., 188.^,47' 129 j ■ 

Hoskyns-Ahrahall, ibid,, 1892, 6i, 650; Gautierf Ann. IJiim, Pbys., J899, [vii.], i8, 
852 ; Baxter, Moore, and B^vbton, /. Arner. Chem. Soc., 1912, 3^, 259 ; Briscoe and Ljttle, 
Trans. Chem. Soc., 1944, 105, l UO.* 

^ An a})preci%hle part of the superiority of the more recent detenninatiou^ of atomic 
weights over th(»8e of Stas and his contenq)oraru‘.s js Vine t(^ the careful eliifinatuo of this 
' type of error. - • • 

8 n T? M T 1848, 2, ; Ch€m.^Netos, 18^5, 58, 101. 
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Insfltnuch as the dissolved portion is' precipitated by a(ldition d[ either oi 
the ions to which it gives rise. Thus, a solution of silver chloride is 
precipitated by eit) er a silver salt or a chloride.^ In some cases Stas- 
recognised thie tendei>{p% especially in his 'lat^r work ; but he did not 
always sufficiently heed it. He devised a simple instrument for e.stimating 
the traces of precipitate produced by adding suitable reag.ents to such very 
dilute solutions. This has been improved and made more general in its 
application, afid has 'received tim name of nephelometer or cloud iheaSurer.''^ 
With this instrument minute traces of suspended matter may be estimated 
approximately from the brightness of the light reflected. The construction 
is very simple ; two test-tubes, ' near together and slightly inclined to one 
. another, are arranged so as to bo partly or wholly shielded from a bright 
source of light by sliding shades. Tlie tubes arc observed from above through 
two thin prisms, which bring their images together and produce an appeaY- 
‘ ance, resembling that in the familiar half-shadow apparatus. The unknown 
quantity^of dissolved substance is precipitated as a faint opalescence in one 
tube by moans of suitable reagents ; and a known amount treatcHl in exactly 
the same way is propa’*ed in tlie other. Fia(;h precipitate reflects the light, 
the d.ubo" appearing faintly luminous. The amount in the sc'cond tube is 
adjusted until both tubes are exactly similar in appearance, flffie unknown 
quantity then admits of easy calculation. 

Liquids teiid to dissolve not only solids,, but also gases and other liqqids. 
Consider, for instance, the final pnrilication of silver. Stas undoubtedly 
contaminated his silver with oxygen by fusing it in an oxidising environment; 
^and by suddenly cooling the silver by pouring it into water, he pro von ted 
this oxygen from escaping from the molten metal in tlie act of solidifying. 
The error of 0’05 per cent, in his value for tlie atomic weight of chlorine is 
to be traced at least in part to this source, for he assumed that his silver was 
pure, and that the gain in weight on Conversion into the chloride represented 
all the chlorine addedi^ This parVionlar difficulty has only been overcome by 
rigorously excluding all oxygemand fusing silver either in vacuum or in 
hydrogen. Not only solids and liquids have this tondoiicy of holding back 
other substances taken fram the phases around them ; gases may also carry 
, away, both rnechiiiiically and physico-cheraically, portions' of<j the phases with 
- which they are as^ciatcd. Gases evolved from*- solids often carry away fine 
■ powder with them, particularly in cases where the decompO'.iti’^n of the solid 
involves considerable molecnhir rcarrangcinent. It seems as if the molecule, 
in its upheaval, is separated from its fellows, and hence an impalpable powder 
of almost molecular fineness may bo carried away with the evolved I'as. 
Gases from liquids also, provided they escape in the form of bubbles, always 
carry for a long distance exceedingly fine drops wdiioh result from the burst* 
ing'of these bubbles on the liquid surface On the other hand, there *is 'good'** 
evidence that the drops are nbt me/dianicallyicarried tiway to an appreciable 
extent when the evaporation is conducted without the formation of bubbles,' 
and accordingly qva'.ititative evaporation should be carrie^l out either on the 
steam '^bath or in a vacuum desiccator or with the Help of a downward blast 


} Mulder, Silherprobii Mct/iode, 1859 ; IJichards and Wulls, Carnegie Institution of 
Washivgto/i, 1905, Publication 28 , pp. 24, 46. ' >i 

? Richards, Zeitsrh anorg. Chem , 1895, 8, '269 ; Richards and Chem. J., 

1904, 3 Jr '2^ j. Richards, ibid,, Ji90G, J 5 , 510. See also Kober, J. Amer, Chem. Soc.^ 1913, 
35> 1585 ; Briscoe and Little, loc. cU. ' ' ; 

' * Richards and Wells, Carnegie Institution of Washington, 1905, Publication 28 , p. 2, 
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of pure ai' at a temperature just below the boiling-point.^ The iirst-named 
of these processes cannot be used in tho most e\iu;t work because it con- 
taminates the substance with jiho impurity alinosi inev^ifably prcvs^t in the 
air of the laboratory. • , ! * 

Evaporation or distillation under diminished pressure is c.sjK’cially to be 
recommended if carried out with suitable precautions. The coii.sidcrable% 
lowering of the temperature of evaporation diminishes tl)p risk, of decomposi- 
tion of a somewhat unstable substance, and greatly decreases tbo etlect of all 
tho solvents and vapours upon the vapours emjdoyed. As a general rule, thoi 
lower the pressure the more advantageous the process, .and for an oVvious ( 
reason. If any air «till exists in the apparatus, the vaj>our of the jK^uid 
to be evaporated may go from the solution to the condenser or to the 
absorbing material in the dcsiccalor only by pushing this air aside. Pa.ssage 
from the solution to tho drying material is thus eliecti'd by the slow process 
of dilFusion. On the other hand, when all the air is removed, no inyjedilnent 
exists in the passage of the vapour from one place to tlio other. As the 
vapour is condensed or absorbed, a partial vacuum is created which is immedi- 
ately rejihmisbed from tlic liquid to be eva[)orated, anti the process proceeds 
with groat ranidity. * ♦ 

Physico-cnemically, gases may carry away impurities by evaporation, as is 
well known. Possiblejoss of material in this way must alwa^'s be guarded 
agahist. Precaution must also be taken to guard against possible ini rcjd notion 
of impurity front ineomiiig gas, wiiich m.ay bo contaminated with volal^ile 
impurities taken from so-called purifying agents or improperly used ruliber 
tubes. For example., it is frequently recommended to purify hydrogen by* 
passing it through jiotassium permaiig.anatc, silver nitrate, strong sulphuric 
acid, and calcium elTlurid*' one after the ether.. Tho potassium permanganitte 
contaminates the hydrogen* with traces ^if oxygen ; tho silver nitrate is partly 
reduced by tbo light of the labomtory, and, .adds ,an iny^urity of an ox'ide of 
nitrogen; the sul[>huric acid fails to nanovo tin .se impurities, anrl adds sul- 
phur dioxide because of its own iv'duclion by hydrogc'n ; the cnleiiim chloride, 
not being so good a desiccating agent .as sulpliuric acid, adds water vapour to 
the list of contarni’iating substancc.s. Thus the hvdrofcen, emerges from tho 
train of so-called puriliers di;d:inetly less pure than it wa' flic first pl*co.2 
The eonstn ^cj/j pn of the labotatory is by no m|‘ans unimportant in carrying 
out precise quantitative work 'I'hc ideal laboratory shduld be built as tho - 
modern ho.spital is built, and every preeantion taken against (liisi#ind fumes. 
N’evertlieless,’ even in a badly .•irramjed laboiatmy excelhmt work may bo. 
don« if pre(*aution is taken to carry out all the manipulations under cover, 
proiceted'fro’ii dust and noxious vapours. The laboij^doiy is inqiortant, but is 
,by ly) meaiiy the most essential condition for the performance of accurate \y)rk. 

Having dealt with Ib^ various jiossible sources of eontamination of 
materials, tho quantitative* side of th5 matter, iii?»y now lie discussed. 
Measuring apparatus of •varioi\j? kinds must here bo ujied. The a]iq).Yatns 
must be good, of cortrse, but extraordinary refinement or bntward beauty is 
not always necessary. As a rule, physical errors are more easy to,avoid than 
chemical ones, as is shown by the fact that physical, dabi are usually known , 


* See Richards anfl Forbes, Carnegie institution of Washington, 1907, Publicatioji 
69 , P. 53. • , 

. ® Similar instances are by no means uneoin^noiily rpconitted in the liteimure, and often 
they have led to the coiwplete nullification of any usefulness which, might otherwise have 
exist^ in the final results of an Ihvestictftion. • • ^ 
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to a much higher (Jegreo of percentage accuracy than chemical data. , The 
difference in precision is by no means due to greater intelligence and care on 
the one siie of the two classes of scientific mei^ than on tlie other, but rather 
to the nature of the two^Jiroblems concerned. f 

A comparatively simple piece of apparatus of known error and capable of 
'accurate correction is better than a complex contrivance /jf unknown error, 
provided that jii essentials the apparatus is adequate. 

The quantitative operation most frequently employed is that of weighing. 
5’or this purpose any good balance will servo, provided it yields constant 
reaulte. The errors in weighing usually arise from the changing buoy- 
ancy of the air and the variation in the hygroscopic and electrical con- 
dition of the surface of the vessels weighed. These errors cannot be cured 
by the most expensive and sensitive balance, but must be intelligently 
eliminated with the greatest care. The admirable work of Landolt * exemplifies 
this fact jn a striking manner. Weighing should be effected by substitution, 
using, botli as makeweight and as tare, vessels precisely similar in volume, 
>v;eight, and surface to the vessel containing the substance to be weighed. 
The role played by the'balanco itself is nearly always the most accurate part 
of tbo^dole piocess if the weights have been properly standardised. 

A word about the scale of operations is perhaps not out of ‘place. Shall 
the experimerifprs use a very large qiiantity of material as Stas did, or shall he 
adopt an infinitesimal quantity as is recommended by rfinricdis? 'Fhe ansrver 
to jbhis question varies somewhat according to the circumstances of the 
particular case. When a small amount of impurity is to be estimated in a 
•substance, much material should bo used in analysis, as everyone knows. This 
is not always so true, on the other hand, when the whole amount of substance is 
to' be precipitated instead of mo’-oly a very small fraction (>{ it. In this latter 
ease the accuracy of the work depeiKjs more on the purity of the original 
material and of the jjrecipitate, f^nd upon the completeness of the reaction, 
than upon the quantity of material used in the individual experiments. 

For example, Stas used very*' large (piantilies of material, sometimes as 
much as 400 grams of silver in a single experiment, hoping in this way to 
increase the accuracy, of Ins results. Ohvionsly, howevev. since the purely 
chemi<^l errors lirq^ot the errors of weighing formed tluj largest part of the 
cause of uncertainty in the, outcome, this expenditure of JLime was often 
misplaced. To obtain a precision of one part in 100,000, it is only necessary 
to weigh 400 grams to within 4 milligrams. If the silver contains as much 
as one-thousandth of 1 per cent, impurity, th-ore is no use in weighing it 
, more accurately than this. Now Stas’s silver probably contained at l^ast 
fifteen times this percentage of impurity. Evidently, then, if he had weighed 
his 400 grams of silver to within 6 centigrams, it wmuld have been as accurately ^ 
weighed as the purity of h\? material warranted. Ten grams of silver 
weighed to within ond milligram (a degree %)f 'accurs'cy atuiinable in any 
analytic, d bahince) would have yielded just as, good results as those he actually 
obtained. The enfirmous expenditure of time put upon these large quantities 
of materia] was therefore wasted ; it would have been much better if it , had 
been spent in, making the, silver roally pure in the first place. 

dn most of the ibodern Harvard work ppon atomic weights a greater 
• degree of accuracy than one part in 100,000 was not attempted, 10 grams 

' ^ Landolt, AbhancUungen der Bunsen hc^llschaft, 1909, No.,1 ; and the veferciicefl 

j quoted on p 5. i - • 
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01 material ijbeing usually sufficient to use in any experiment to enable this 
accuracy to be reali!?ed. The ettbrt should be made, iborei^ore, not to spend 
needless exertion in preparing enoriaoiis qujintiticys, but #athcr to |>ut time 
and energy into making tlio substances actually ueighf i really'pnre, so that 
10 grams shall consist of nothing but that \vlii(;h it is supposed to bo. 

It is true that W'Vih large quantities, other things being equal, a somewhat 
higher degree of mechai^al accuracy can be attained, bub this, in many cases, 
is undoubtedly offset by the extraordinary difficulty of prc])aring* a very large 
amount of any substance in a state of the highest purity. On the other hand, 
the use of very small amounts of material iu analytical work unquestionably 
leads to equally great errors from another ca^sc. Ib're it is easy to purify 
substances, but because of the limitations of siglit and manual dexterity *it is 
not possible to analyse them accurately. If only 1 gram of*material is taken, 
for example, one must collect and weigh one’s precipitate to within the 
hundredth of a milligram in order to attain an aecuracy of one part in 100,000 
— and this is practically impossible. Hence common sense dictates tlfti choice 
of a middle path between the two extremes, using quantities of material not 
less than 5 grams or over 50 grams if a degree of a«(;nracy such as that* 
mentioned above is desired. With 5 grains this degree wonldr .be 
by weighing t(5 within one-twentieth of a milligram — a degree of precision 
perfectly attainable as regards both the collecting of the precipitate and the 
process of weighing. 

The best apparatus and the best methods possess faults, and these must 
be evaluated and corrected before a precise result is to bo obtained. Tile 
methods of doing this vary so much with the detads of the special processes 
that only one or two gAieral i-eniarks can be made liere. It muy be taken as 
a general precaution* Hint, control experiments should always be performed 
under precisely the same eontlitions as* govern the main experiment. Suppose, 
for example, that a substance is to be evaporated and weighocf in a quartz 
flask. The weighing must bo done by comparison with •a coimb'iqioise flask 
filled with dry air at the same tempei^ture, Cvioled in the same fashion as the 
flask containing tlie precious material. Tho weighing must be done by 
substitution, and during the process each flask musf be jtreated in precisely 
the same way in Ardor that any error.s pertaining to one weight shall accrue 
likewise to the other. Thus*)n a si'iise the empty counterpoise flask is a , 
control. • • • 

Accurate Determina'iionh of Ato.mic Wkicu'js. • 

I|j the previous section attention has been drawn to the extreme care required 
in modern determinations of atomic weights. In order to further exemplify 
this and to illustrate the general method of procedure, two typical examples 
will now bo cfescribed — namely, tho revision of the atomic weight of iithium 
by Richards and Willard, aiia*th#t of nitrojfon b/ Guyc Rud his collaborators. 

The former is essentially a chemical investigation. comprising*a n^yr][iber 
of careful gravimetric analyses of lithium chloride; it A> "typical of* many 
exceH^nt atomic weight determinations effected by the analysis of a chloride 
or bromide. The latter is partly a.chcmical jjiid partly a physical* research. 
The chemical methods arS notcvvortliy owing to their uufisual character, ayd 
also because they afford the rel^uired^ atomic weight by direct reference to 
oxygen; the physical methods are interesting^ since the results thiy» aftofd, 
although less accurate and conclusive those oAtaiiied cherni(?lilly,*hever- 
theless confirm the clfemical value i]i a ve^y satisfactory manner. 
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i. (THE ATOMIC WEIGHT OF LITiyUM. 

Durifig the eafly p<‘irt of the nineteenUi^ century no fewer than twelve 
different invo^tigators'iiado scpariite and indoperideiit determinations of the 
atomic of lithium, but their results were far from concordant, ranging from 
(Hermann, 1829) to i6t (Arfvedson, 1817).^ In 18QC) Stas^ determined 
the ratios LiCl/Ag and LiCl/LiNO.^, and found Urn corresponding atomic 
weights of lithium to bo 7‘003 and 6‘96 respectively, when that of silver is 
taken as 107*88. The difference between these two values amounts to 
prac^t-ically 1 per cent.— a result that cannot be considered satisfactory, and 
that is, moreover, very remarkS,ble in view of the high degree of accuracy 
usually attained by Stas in his investigations. Twenty-four years later 
Diftmar^ determmod the ratio Li.^COg/OO.j and found the atomic weight of 
lithium to be 6*89 (Ag = 107*88), a result wliicli does not agree with either of 
those obtained by Stas. This was the state of our knowledge when Richards 
and Wiftard ^ began their investigations, and, by studying the ratio LiCl/AgCl,® 
.showed that the correct atomic weight of lithium is 6*94. Their method of 
procedure was as follc?ws : — 

Preparation of Materials. — All the materials used in the research 
were purified with the greatest care. The most insidious sources of impurity 
in work of tips kind are dust and the various gases sometimes contained in 
the air of the laboratory, and the most efficient methods of purification«may 
fail to give a pure product unless careful attention is paid to this. The 
presence of dust, which always contains sodium, was especially noticeable in 
the preparation of pure litliinm salts where sodium was the element most 
difficult to remove. It was found tliat a lithiuiti salt free from sodium always 
ac(piired traces of this element after being crystallised in’ the usual way. The 
air of the room was therefore kept i},s pure as phssiblo, and all ovaiioration 
and handling^ of solutions and salts in the final work wer(5 conducted in a 
large glass case. Al* heating was conducted electrically in order to avoid the 
deleterious effects of jirodncis of combustion. Tlio vessels used in purifying 
materials were usually of (piart/, or platinum. Where glass was unavoidable, 
the best Jena gljiss was chiployed. , 

— DtetjRiid water of the laboratory was twice redistilled, once from 
alkaline permanganate ancl once alone using' pure tin condensers without 
rubber or cork coo'ucctioiis. In special cases the water wlis coridense<l ayd 
obllectedrwholly in platinum. Dust was excluded bypassing the elid of the 
condenser through a hole blown in the bulb of a small flask whieli rested on 
the month of a large Jena flask in which the water was collected and skored. 
Water was always distilled just before use. - 

Nitric Acid, — Carebilly tested pure nitric acid of commerce was redistilled, 
using a platinum coudcnscf. When required i;o bo free from chlorine the 
'first^portion was rojdcted and tho^acid redisfcillcrl until it showed no trace of 
thii^-el^mofit witli the nephelometer. ^ 

Hydrochloric Acid.~T\\Q pure acid of commerce .was Iwiled with a little pure 
potassium permanganate and then repeatedly distilled, using a quartz condenser. 
Aminoninm Fluoride^—^VnvGr, hydrofluoric acid was distilled in a platinum 

‘ For full references to these researches seo^yol. if. of this series^ 

‘ * ^im,^uvres ea-npUtes, i. 710 and 717. ' 

* Dbtmaf, Ttoc. Roy. Soc.^Edhi.. 1889, 3<, ii. 429. 

* Richards and Wjllard, Cameyle InstUiitfbn of lFa<ihington^ 1010, Publication 125 . 

® The ratios LiCl/Ag and Li^JlO^/LiCl ryere alco studied. 
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fvwit and ,neutralis(id by distilling into it pure ammonia obtained from i 
concentrated solution. * 

lly<hazine Hydrate. — This was prepared by .Jstiilirig to dryjjess in i 
platinum vessel a mixture qf Itydrazino sulphate aiic^jLwiuo the theoretically 
requisite quantity of potassiiun hydVoxide solution. The distillate was 
redistilled to free d^t from the traces of alkali •carried ovei in the first 
operation, and preserved in a platinum vessel. 

Silver . — This metal was prepared by several dilfereflt modifications of 
the following method. Pure silver nitrate was rccrystallised five times from 
dilute nitric acid, the crystals being centrifugally drained in platinum funnels. 
The silver was then j:)recipitat('d by ammanium formate (})reparcd from 
redistilled ammonia and formic acid) and fnsed on pure lime in a cui'rent 
of hydrogen. • 

Lithmm Chlotdd^. — The most common impurities in lithium salts, and like- 
wise the most difficult to eliminate, are compounds of the alkali and alkaline 
earth metals. In the material forming the source of the lithium l^doride 
ill the work the only appreciable impurities were iron, calcium, potassium, 
and sodium, as well as, possibly, traces of ma<inesium. •Tt is true that none* 
of the last-named metal was over detected, but Ricluirds and Wirllard* r!g^'4}ly 
argue that thUi does not prove its entire absenee owing to tlie lack of a 
sufficiently delicate reaction for tbe sfime. Since iron can bo easily removed, 
the f^paration of poiasftium, sodium, calcium, and magnesium ’^•efpured the 
most careful consideration, the relative eftects on the atomic weight of 
lithium varying in the order given, that of the potassium being greatest. * * 
Attention was first turned to the methods of eliminating potassium and 
sodium, which go togelfier. Those employed by previous investigators were 
either inadequate oft ^ixtrcmely wasteful. A study was therefore made of 
the most suitable salts for the purpofW. A search among the insoluble salts 
of lithium showed that the solubility of the lluoride is only 'i‘1 grams per 
litre, whereas sodium fluoride is 10 times {fnd potassiufu fluoride .‘110 times 
more soluble. It was further fouml thM the solubility of litliium ‘fluoride is 
not appreciably affected by the presence of ammonium salts. Evidently the 
precipitation of lithium fluoride by ammonium fluorine ought to bo an 
extremely efficient means of removing potassium .and sodium ^vtthout appreci- 
able loss of lithium, and this vfas found to be true, 

But this nuWiTfff docs not remove calcium anc? magnesfum, since their 
fluorides are even less soluble than lithium fluoride. Tliese may be wholly 
separated, however, by recrystallisation of the lithium as the perchlorate or 
nitrate. Hence the following method of purification was ultimately adopted. 
The nuoridi, free from sodium and potassium, but containing possible traces, 
of calcium, magnesium, and sulphate, was converted iflto nitrate by heating 
ib a platinum* retort with nitric acid. I’he product was rccrystallised several 
times, using centrifugal draiiui^o.* • ^ • 

Since oven in the ruothqr liquors from the first recrystallisation iffo calcijim, 
magnesium, or siilp}¥ite could Iffo detected by ordinary 'tests, there i^ no 
‘ doubt that the rccrystallised salt was exceedingly pure. All silica must have ' 
been removed when the fluoride wag dissolved jn acid. * 

The final step of the tloquence of operations alone remained fo be takep, 
hamoly, the converse of the salt intq lithium chloride. The solution was 
poured into a licit concentrated solution of an^monium carW)naie wbieh hitd 
been distilled in platinum retort, aqd,the preciyTItated lithium* carSonat© 
was washed several tiffies with hot water, psing centrifugal drainage. It was 



essential that hot and concentrated solutions should be^ised ; otjierwise the 
yield of carbonate was small. The precipitate was coarsely crystalline and. 
easily washed. This process obviously served as a further means of purifica- 
tion and rendered cealfain the elimination of $.ny traces of fluoride which 
might have found its wav through the successive recrystallisations of the 
nitrate. The carbonate was dried at flOO” C., dissolved ja slightly less than 
the theoretical amount of the purest hydrochloric acid which had been twice 
distilled, condensed^ and collected in quartz vessels. The solntiorf contained 
a trace of nitrate, and to convert this into chloride without fear of attacking 
the platinum, a solution of hydrazine hydrate (see p. 251) was added, and then 
excess of hydrochloric acid. AfOer boiling the liqiiid ft^r a few minutes, all the 
nitrdte was reduced, and there remained a solution of pure lithium chloride 
with a little hydrctehloric acid and hydrazine chloride, both of which were com- 
pletely volatilised in subsequent operations. The chloride was crystallised 
onoe or twice and dried as indicated below. It was then ready for analysis. 

Dicing and Weighing the Lithium Chloride.— The final prepara- 
tion of the salt for analysis consisted in expelling the last traces of water by 
fusion in a platiminv boat in a current of dry hydrochloric acid gas and 
nit**eger.. Tv this end the apparatus shown in fig. 74 (p. 244) was employed. 
The gases issued uudor slight pressure, and the temperathre was slowly 
raised so as to expel from the salt as much water as possible before fusion. 
The chloride was maintained in a state of fusion at red heat from 15 to 20 
minutes in an atmosphere of hydrogen chloride, which latter was then replaced 
by^pure nitrogen and the lithium chloride allowed to cool. It was then quite 
transparent and' colourless. Inasmuch as fused sodium chloride is essentially 
free from dissolved nitrogen when prepared under aimlogous conditions,^ it 
seems reasonable to assiime that the lithium salt likewise contained no appre- 
ciable quantity. After the nitrogen had been displaced by dry air, the boat 
was bottled aiid placed in a desiccator.' The platinum boat was always weighed 
separately before anA after the operation, but the loss in weight was ordy a 
few hundredths of a milligram-“-8om^tiracs none at all. The weighings were 
conducted with a Troemner balance, and successive weighings of the same 
object were rarely /ound to differ by more than 0’02 iiig. The Sartorius 
gold-plated brass weights and rider were standardised froiK time to time by 
the method described by Richards, ^ and ah weighings were made by 
substitution, usings coui'rto'rpoisc similar to the object weighed. The 

weights required were, in consequence, never large in amount, and the 
influence of changes in atmospheric conditions was negligible. ^J’he vacuum 
corrections applied were as follows, the density of the weights being 8'3 i — 



Density > 
% > ) 

Vaciuini Correction 


])er Gram. 

Silver . ^ 

10 '4 9 

.-0-000030 

Silver chloride , 

: 5 56 - 

+ 0-0000732 

LiLhium chloride® .... 

2-068 

1 +0 000436 

Lithinn perchlorate . . ' . 

‘ 2-428 

1 +0-0003.00 


< ^ Richards aiyJ WelTS, J. Amer. Chem. Soc., 1905, 27, 513, 

® Richaids, J. Amn. Cheru.^oe., 1900, 22, 144. . 

® Baxter, Amp", Chem, 1904. 31, 558, 
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After weighing, i^e platinum boat containing 'hr fiisSd chloride was 
placed in a 3-litro Erleiimeyef flask of Jena glass, fitted ivifh a ground and 
polished stopper. 50 to 80 c.c. of water were now ad(V^d, and \jjhen the 
chloride had dissolved, and % fflrop of phcnolplithalei*k colouretl faintly pink 
with a trace of sodiiiei hydro.xido had proved tlie solution to l>e entirely free 
from any trace of ^¥^id, about one litre of water Vas added, the platiniinr 
boat removed and washed, tlie washings being added to the contents oi 
the flask. • • * < 

Precipitating and Weighing the Silver Chloride.— Tlie precipita 
tion of the silver chloride and all subsequent operations wore carried oul 
under red light in the |lark room. To th(‘ solution of litliiiim chloride* wat 
added exactly the calculated amount of silver dissolved in a moderate e<cesJ 
of nitric acid, the concentration being a[)proximately decjinormal. The 
mixture was shaken for ten minutes and allowed to stand overnight. The 
next day it was again shaken, and to it was added the excess of silver 
nitrate re(|uired for complete preeipilatiori — about O’Or) gram of siKer pci 
litre. This method greatly diminishes the danger of occlusion of silvei 
nitrate.^ The solution was shaken from time to tuna iliiring the next day, 
and after standing until the supernatant liquid was perfectly^cleaii, it yae 
ready for filtration. 

In the final experiments a (looch-xMunroe erueible^ was used. The 
conqjletc removal of sih^r chloride from the platinum sponge, wlten projiaring 
for a new analysis, required treatment with concentrated ammonia for al 
least 12 hours, followed by a very thorough washing. The crucible wft? 
always dried overnight at 250’ C. and a perforated platinum plate waf 
placed upon the sponj^e to prevent rupture by the contraction of tlie silvei 
chloride as it dried. •Tlu^ clear solution was poured through the crucible and 
the precipitate washed fonriimes by <lecantation with a cold acid solution oi 
silver nitrate, about two-hundredth nornlal. The filtrate and washing, s were 
always practically free from excess of chlofine, so that<i constant correction 
of 0'04 mg. of silver chloride per litre was applied to tlieni.-'^ The precipitate 
was then washed ten times with very dilute nitric acid jireviously cooled in ice 
to reduce the solubilit) of the silver chloride, and Mnall^ translerred to the 
crucible by me?His*of a jet of ))ure, cold water from a Ifjy-lrostatic wash 
bottle. Tlie entire process \fiis conducted under a clean ^lano of glass to 
prevent dust fftjiTf^falling into the crucible. TTit* lattei: x^is finally wiped 
with a clean cloth and heated in the electric oven, gradually increasing the 
temperature to, 250’ 0., where it was maintained for at least 10 hours. After 
it had been weighed, tlic main ma.ss of silver chloride was separated from the 
platinum disc and fused in a covered quartz crucible contained in a larger 
one of porcelain. Since the cover was transparent, it*wa.s possible to free the 
fused* chloride from the bubbles which invariably adhered to the micible, 
without danger of lo.ss from^spmttering, by caAfully rotating the crucible. 
With one or two exception^ the fused silver chloride* was perfectly colyiirless 
and transparent, shswinj^ the a^isence of organic dust Arxl occluded sflver 
nitrate. The loss on fusion was very small, never more than a few hundredths 
of a milligram per gram; the .correction ^ for the entire weight of silver 

M • « * 


* * • 

^ Richards anckStaehler, J. Anur. Ch^m. Soc., 1907, 29, 632. , 

® Snelling, J. 4'>ner. Chem. Sue., 1909, 31, 466.* Mun/oe, J, Anal. C(|e7fl,,V888, 2, 
241 ; Cheni. News, 1886,^58, 101. t • 

! * Richards and Wells, J. Amer. Chem^ Soc., ]905, 27, 487, 617. 



chloride was calpnlated from that of the portion fused— always ftver 90 per 
cent, of the total.' 

The Pask, in which the original precipitation was carried out, was rinsed 
with ammonia to ren^Tve any chloride that might have escaped observation. 
This, with the washings, was tested as follows ; To the total washings, 
exclusive of those with dilhte silver nitrate, was added 0;07"gram of silver as 
nitrate and, after the opalescence had appeared, it was dissolved by pouring 
into the amnloniacai rinsings. The volume was then made up to one litre. 
A standard solution was prepared containing in one litre a known amount of 
chloride and the same (piantity of ammonia and silver as present in the 
washings. 25 c.c. of each ('rerc now pipetted into nephelometer tubes 
(see 'p. 246), 2 c.c. of dilute nitric acid added to each, and the contents stirred. 
The tubes were covered with glass caps each having a plane top and allowed to 
stand for 3 to 5 hours until constancy was attained. By the use of ice-cold 
wash-water the total nephelometer correction was reduced to about 0'35 rag. 
fn the Itillowing table are given the results of the final scries of experiments, 
from which it is evident that the atomic weight of lithium is 6 940, when the 
atomic weights of silver and chlorine are taken as 107 '880 and 35*457 
resp'Jctiyely. • 

THE ATOMIC WEIGHT OF LITHIUM. 


Weight of 
Fused LiCl 
(Vacuum). 

Weight of 
Fused AgCl 
(Vacuum) 

LiCl 

Agcr 

Atomic Weight 
of Lithium. 
Ag=107’880 

01 = 35-457. 

6*28662 

21*25442 

0 **295779. " 

6*9391 

6*82076 

19*67873 

0*2957*90 

6*9407 

6*70863 

22-68030 

0*295791 

6*9409 

6*24717 . ' 

21-1-2073 

0*295784 

6*9399 

5*50051 . 

18*59000 ' 

0*295790 

6*9407 

'8*34521 

28-2i^3S 

0-295779 

6*9391 

6*65987 

22-51564 

0-29,5789 

6*9106 

45 '5687?- 

154*06020 j 

0-29.'’'786 

6*9401 


2. THE ATOMIC WEIGHT OF NITROGEN. 

The researches on the atomic weight of nitrogen, carried out at Geneva 
since 1904 by P, A. Guye and his collaborators,^ include the analysis of 
nitrov;..; oxide, both gravi metrically ^ and volumetrically,^ the» gravimetric 
analyses of nitrosyl chloride' and nitrogen peroxide,^ the indirect volumetric 
analysis of ammonia,® tho determination of the densities of nitrous oxide and 


^ A detailed aceount of the physical measurements carried out in connection with this 
work is given by Guye in “ Recherclies exp 6 riinentales sur les propriete.s phy^ico chimiques • 
de quelques ga^ eii relation avec les travaux de lAviision du poids atomique de I’azoto ” (Guye, 
M^pt. Sci. phys. nat, 19v/8, 35 , 548-694). 

Guye and hogdan, J. Chim. phys., 1905,3, 5877 CompL rend., 1904, 138 , 1494. 
Jaquerod and hqgdan, /. (JHm. phys., 1905, 3 , 662 ; t'ompt. rend., 1904, 139 , 94. 

' * Gu^^ektu’ F1 us 8,'V. CAm., jd%«.,M9u8, 6, 732. 

® Guye and Drouginine, J. Chim. phys.,''A^\0, 8, 473. 

® Guye and Pintza' M6m. Sci, phys. naP , 1908, 35 , 594. 
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feuitDonia ^ by the vokiinetric method, and the density of iiA/rio oxide by th< 
ordinary globe method , 2 and, finally, the mcxisureiLsnt of various gaseom 
compressibilities^ and critical constants. g 

It may be stated here t^aft*all pieces of apparatujj were weighed by the 
method of vibrations against counterpoises of similar material and shape, and 
of nearly 0 (pial wci^^ib, and all weighings corrected ^to the vaenum standard. 

f*reparation and Purification of Nitrogen Compounds Used.— 
Nitrous ox^de . — Since the gas, prepared hy any of tin? umiif methods, is 
always slightly contaminated with nitrogen, recourse was had to the 
method devised by V. Meyer.^ Coiicentrate(l sodium nitrite solution was 
dropped from the vossgl D (fig. 77, p. 201) in V> a neutral solution of hydroxyl- 
amine sulphate contained in the flask The gas evolved was passed 
through potassium hydroxide solution and concentrated suiphnric acid in the 
bottles N and P respectively, and finally dried with phosphoric anhydride in 
S. The solutions were prepared in air-free distilled water, ami at .the 
commencement of cac-h experiment the apparatus was evaciiatc'd tlirvlfigh the, 
tube F; a small quantity of gas was then disengaged, and tlie apparatus 
again exhausted. A repetition of tliis proci'dure onye or twice served t(f 
completely eliminate last traces of air, when tlic tube F was scajicd. , , 

Nitric oxidk , — This gas was produced by three distinct niotliods, namely : 
(a) Nitric acid (25 per cent.) was allowed to flow, drop by drop, into a boiling 
conegntrated solution of ferrous sulphate in dilute snlplniric aci(!^ or a concen- 
trated solution of spdiuin nitrite was slowly added to ono of ferrous chloride 
in hydrochloric acid.^’ The evolved gas (20 litres) was collected over air-j»rfee 
water in a copper gas-holder, from which it was afterwards driven through 
concentrated snlphari(> acid and over phosphoric anhydride, and the dry gas 
condensed in a rccewgr cooled in liquid air. (6) A 2 per cent, solution of 
sodium nitrite in concentrated sulphuric acid was run into an Krlenmcyer 
flask, the bottom of which was covcitd M’ith a layer of mercury." The 
nitric oxide produced was led through coma’iitrated sulj^iuric acid, and then 
condensed at the temperature of liquid aia Air was’ initially eliminated 
from the apparatus by a process similar to that described under nitioiis oxide, 
(c) A 10 per cent, .solution of sulphuric acid was tidded, drop by drop, to 
aqueous sodium nitnte (6 per cent.). Nitric oxide is procfuccfl jn this reaction 
by auto-oxidation of the nitro«s acid initially formed : — * ^ 

3HXO^-HN03H-2N()-f ILT). ‘ " 

The gas was thoroughly dried by conducting it through three vessefs contain- 
ing sulphuric acid, and finally li(]nolicd. 

it will iie noted that higher ovides of nitrogen were always absorbed by 
concentrated siilphnric acid, and not by potassium liyflroxide, sim o the latter 

• • • 

^ Guyeand Pintza, Cmrpt. ren^f , I'ftOl, 139, ; 19^5, ^>1 ; “ Uecheiriios oxp^ri- 

nientales,” loc. at. ^ , 

• Guyo and Davila^ rendf, 1909, 141, 826 ; " Heels ax'Jics expeiim^ntJles," 

he, cit, » » 

* Jaqnerod and Scheuer, Coni/)t. rmit., 1905,^140, 1384; “ Rtclii'iebes^ exp^riraen- 

tales, ” loc. cit. • * » 

^ Jaquerod, JJer., 1906, 39, 14M ; briner, J. Cii/vi phys., 19(W, 4, 479 ; “Kecherches 
ekpdrimenUilos,” loc. ei^ * * 

' ® V. Meyer, Jbinalen, 1875, I75’ f41 ; llcadwell, Anal. Chevne^ 1902, vol. ii. p. 6J2 ; 
also Treadwell-IIa^ 67tcniw/r^ (Will y & ?inn.s). *• « * * 

® Gay-Lussac, Ann. Chim. Phys., 1843, (iii.i|. 23, 203 ; lliielc. Annalcn. T889. 2i;3. 246. 
Emioh, Monalsh., 1^92, 13, 73. 
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reagent slowly /iccomposoa nitric oxide, producing potassium ^itrite and, 
nitrons oxide. ’ 

The ^mpuritiofi. still present in nitric oxide, prepared by the above 
methods, inelvde sniay/ ([uaiititics of nitrous 'oxjdo and nitrogen, and traces 
of higher oxides of nitrogen, and such substanct's as hydrochloric acid, 
sulphur dioxide, and chlorine derived from the reagents ,used. A considera- 
tion of the boiling-points of the impurities suggested that it should be/ 
possible to prepare nitric, oxide free from all these impurities^ with the 
possible exception of nitrogen, by li(piefaction and fractional distillation. 

^ The presence of even 0‘15 per cent, of nitrogen, however, woidd only cause 
an eiiTor of 0 01 per cent, in tli<^ value for the density^ of the gas. Accord- 
ingly, the nitric oxide was liquefied, and boiled under reduced pressure, 
whereby the moroavolatile portions escapi'd, and tlic residue solidified. It was 
again liquefied, the more volatile portion again boiled ofi’, and the procedure 
repeated five or six times, until the volume of the liqu.id had been reduced 
by one-'half. The solidified residue was then slowly sublimed, under reduced 
.pressure, and the final third rejected. This fractional sublimation was 
‘repeated in various (ixperiments from two to five times. 

^Nitrogen .Pero,ride . — This was prepared by mixing, at-20“, purified and 
carefully dried nitric oxido with excess of pure oxygen, prepared from 
potassium chlorate. The nitrogen peroxide was rejioatedly distilled under 
reduced presf.ure in the presence of oxygen, to ensure'‘ilie absence of triqxide, 
which would have been difficult to remove by distillation. Special pre- 
cautions were taken to free the final product from dissolved oxygen 

Althoifgh nitrogen peroxide decomposes into nitric oxide and oxygen at 
moderately high temperatures, at ordinary temjieratnres the extent to which 
this decomposition proceeds is (piite insignificant, a^iv' the peroxide may 
therefore bo regarded as a stable substance. i. 

Ammoniat — -Ammonia prepared Vrom comiiiereial ammonium salts is 
always contaminated i with trace's of organic bases such as pyridine, which 
materially raise its density. Ae/eordingly, the gas olitained from a cylinder 
containing 20 kilograms of li(|uid ammonia (the first half collected in the 
distillation of a supply 'Ot commercial liquid amnionia) was slowly pas.sed 
through a long, hard glass tube packed with little pieces' of 'lime and heated 
to redness. The''organic compounds w'ere thereby decomposed, the nitrogen 
contained in tlr^m being- Converted into ammonia. Tl?^^r.,uing ammonia 
was collected in pure hyilrochloric acid solution, and on crystallisation pure 
ammonium chloride was obtained. 

The apparatus for obtaining pure, dry ammonia for density measurements 
consisted of a large cylindrical tube, filled with a mixture of pure ammonium 
chloride and quicklime,' and connected with a purifying and drying system of 
8ix:"t'Cibe8. The first three of these were filled with solid potassium hydrdxide f 
the others contained, anhydVous barium oxi le.,.’^All the connections were of 
glass. The apparatus \Va8 initially evacuated, and then swept out once or 
twice With dry aipnf.onia, liberated at a convenient rate by suitably warming 
the mixture of ammonium chloride and lime. ‘ 

Nitro»gl Chloride . — This sub.itance wap prepared by Tilden’s method,^ a 
mixture of nitrosyl ^hydrogen sulphate and aodium chloride in equivalent 
quantities being warmed in mcuo in a small flask to 85“ C. The diatillato 
was collected in a,small receiver cooled'‘in a bath of solid carbon dioxide and 

1 ^' , ** { _ > '* : 

o u 

^ Tilden, Trans, Chep, *2, 630, 652. 
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ether. The matoriijls were previously dried in a vacuum^ over phosphoric 
anhydride, and the apparatus thoroughly desiccated, unco Atrosyl chloride is 
immediately decomposed by water. For the puri;’. option, the^ nitrosyl 
chloride was several times fry,ctfonally crystalli.sed, tlits final ci^stals melted, 
and the li([uid subioitted to fractioii?il distillation, witli the rojoetion each 
time of the first and last fractions. The impurities thus eliminated included 
traces of hydrogen chloride, chlorine, sulphur dioxide, and liigher oxidds 
of nitrogen. * ^ 

Analytical Methods: — {a) Gravimetric Analf/ses. — In the cases of^ 
nitrous oxide and nitrogen peroxide, weighed quantities of the eomjjonnds 
were decomposed by rod hot iron, which ((ua>»titatively ab.5()rbc(l the oxygen. 
Iron spirals wore employed, wound on Uiin porcelain rods, and oleotrfcally 
boated. After an experiment, a s[)iral was prepared for fiwthor use by being 
heated in a current of ]mre hydrogen. Since each spiral used was oxidised 
and reduced a ntirnher of times ni succession before the final experinifints 



Kig. 75. — Appar.itus for an.ily.sis^of nitrous o,\iflo. 


were carried out, trace.'^ of im[)urities in the iron capable of forming volatile 
oxygon compoui*ls itiust have bc'ii eliminated. 

The experimental arrj^ngcfnent adopted* for nitrous oxiite is indi(‘atM in 
fig. 75. The d^o'Jrrifiosition ve.ssel A contained tluf iron »M])iual, the ends of 
which were silver-soldered to platinum leads fused into the vessel, (/onnec* 
tion with a mercury pump Avas^ initially made through 13, wliich \t'as sealed 
off after A had been completely evacuated. Nitrous oxide was absorbed in 
0, eTintain^iig Avood charcoal, which had previously been carefully purified 
by igniting 111 'chlorine, boiling with concentrated h^'drochloric aci(l, jyashing 
trith Vater afid drying in vacno. The tube (J Avas alternately saturali (fWith 
nitrous oxide and eA'acualed*s^vttt-al times liefor^ being* finally charged with 
the gas. In carrying out an analysis, A was first 'evacuated aixl weighed, 
Th5 apparatus lieim^ them ritteffl up, B Avas exhausted '^iiid sealed MF,*the 
spiral heated to bright reefne'ss, and by manipulating ta])s 1) and K, iiftrous 
oxide* Avas passed, little by little\ iqto A, tap F remaining closed. •After the 
nitrous oxide in A Avas*judged to bo completely (feco^iposed, 'a very slow 
current of the gas^Avas allowcfl to '^a.ss over the incandescent spiral, flio 
nitrogen escaping by F through the sulphuric acid in (I., The cimi;pnt A¥as 
stopped while a considerable portion o^tjie surface »f the spiral srtlf rdUnained 
unoxidised, D closed ftnd A slowly evacuated by connectiwg the pump to C ; 
VOL. I. 17 
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througliout the e*^/acuation the spiral was maintained at '’•a red heat to ensure 
the absence of any iron nitride from its surface. Kinally, taj)s K and F were 
closed, apd, on coolhig, the increase in weiglit of tlie vessel determined. The 
amount of nitTOUs oxi(UMised was given by the loss in weiglit of C. 

The decomposition vessel used in the exiieriments with nitrogen peroxide 
^ is shown 111 lig. 70. It bvas first evacuated and weighed; pure nitrogen 
peroxide wai distilled into it, and frozen in the tubulure A. Tiie vessel was 
again cxhauJ,’ted, and the increase in weight, due to the [ler* xide, was 
, determined. The spiral was then heated to bright redness, and tlie nitrogen 
peroxide in tlu; tubulure allowed to evaporate slowly, its vapour being 
completely decoinjiosed. The i .isidual nitrogen was then pumped out, the 
spiral being still at a red heat, and finally the vacuous apparatus weighed 
again, after cooling, in order to determine the weight of the oxygen fixed 
by the iron. 

‘For the eomjilete analysis of nitrosyl chloride, the .pure, dry vapour W'as 
very skt\vly led thnmgh a (J-tube containing finely <livided silvt'r, heated 
to 400'’-r)(Xr C. ; speca.al experiments showed that the chlorine was thereby 
‘tjuantitativi'ly rctaiiKxd. The residual nitric oxide v\as conducted through 
a second U-tube containing liiu'ly divided 
cop[)(‘r at the same temperatnre in order to 
absorb the oxygen ; and the nitrogen was 
finally absorlied by metallic calcium, con- 
tained in a straiglit glass tube heated to 
redness. Fach alisorption tube was pro- 
vided with stopcoclvs, all connections being 
made by ground-glass joints according to 
Morley’s method;^ ;.ivd a manometer was 
introikiced between the second and third 
Fir.. 76.-Af;i.di.,ln»lV,raiulyMb n'lSoqilion lulirs, I’liC entire aiiparatus 
of nitrogen pertxide. ' vas evacuated at the beginning of an ex- 

c pernnent, and if the experiment was suc- 
cessful, the apparatus remained vacuous at its termination. Perfect desicca- 
tion of the interior oj. tlKPiipparatiis w'as, of course, absolutely necessary ; the 
silver and copnhr were prepared for use liy washing witii »tii(!r and drying 
in carbon dioxide and hydrogen 'respectively, while the calcium was heated 
to redness i}i vaf’ao, to elhnfnate any trac.e of volatile impPrri"cy. 

(b) Volu/NPfric Ana!//!<p!i. — A cylindrical bulb containing an iron spiral 
and connected by a cajiillary tube to a mercury manonu'ter formed the 
apparatus used in the volumetric analysis of nitrous oxide. The manometer 
was provided with tlie usual opa(|ue-glass point, to wdiiidi the rpercury was 
always adjusted w'henBver a measurement of pressure was 'mpiircd. The 
bulb W'as calibrated, and also the “ dea<l space ” along the capilhti'y conncctioU 
as far as the zero-p«-int; ihid tine volumesi' of gas were coi'rected for the 
difference ‘In temperature between that in the bulb and the small amount 
in ‘the' dead sjiavieff ^ 

The Imlb was initially filled wdtli pure, dry 'nitrous oxide and packed 
with nicking ice ; the mercury was the.n ad justed to the zero-point, the 
pressure of ^ the gas “read (to Avithin 0’02 min.) and reduced to the value at 
o'* C. The globe was next dried and the niti'ons oxide dinomposed by heating 
the iron ^spiral to -whiteness : to prevent permanent deformaAion of the bulb, 

^ Murley, Smithsonian Cuntrih., 1895, 29 , Nh. 980. 
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the spiral was repesitodly heated to an exceedingly high ^enipcraturo, but 
only for a few seconds at a titne, the apparatn - being allowed to cool 
considerably between successive heatings. I'lach exp. rii^icnt was r^mtiniied 
till further heating had no iiinuence on the final volfr.e l^h«ally, the bulb 
was allowed to cool, paehf'd around witti melting ice, and the oressiire of the 
residual gas observed after adjusting the mercury zero oiu e luoia' , 

. The volumetric analysis of ammonia was indirect; tlu* lalaifve volume's 
of nitrogia. and hydrogen which combine to form the*gas bfing deduced 
from the densities and compressibilities of hydrogen, nitrogen, and the , 
mi.xture of these gases that results from the decomposition of annuonia. 
The mixed gases were prepared by gonerating^fnire ammoin.i from atnmonium 
chloride and (|uicklime, and passing it slowly throiigli a cylindrical Tube 
containing a platinum spiral heati'd to bright redness, 'i'hn greater part of 
the ammonia decomposed ; the products passed through a U tube containing 
glass beads moistened with suljihuric acid to ab>orb uncbangeil ammotiia, 
and were dried over phosphoric anhydride. The mixed gases \\ere*fed into 
a volumeter, and the density measured as described later (p. 2(10), 

Density Measurements. — -IModeru doterminaU<.)iis of gas densities* 
have boon otrected by two mntliods . (i.) the “globe” method, aii(l*(ii ) fehe 
“ volumeter ” Tnethod. Mach of these was employed by Guye, the former 
with nitric oxide, and the latter with ammonia, nitrous oxide, and the 
mixture of nitrogen ant] hydrogmi obtained from ammonia. * 

In each method the weight of pure, dry g.cs, wiiieli, at an observed 
temperature {always 0° C. for (oiye’s ijica.sur('mcnts) and pressure (apprcTxi- 
mately atmospberie), occupies a known volume, is determined. The “ globe ” 
method has been alreai^y ontlinod (p. I.'IO) ; (lie “volumeter” method (lillers 
from it ill that the mgasiyemcnts of picssure, volume, and temperature are 
elYected in one apparatus, w*iiile the g^is is weighed in anotlnu'.^ 

(i,) The “globe” method, lirst adapUnl to accurate w'ork Ity llcgnault,''^ 
IS comparatively simple to carry out, jiormfts of severaf exiierimonts being 
conducted simiiltaneoii.sly, and funiisli('s ri'salts litt.Ie, at all, infm'ior to 
those obtained by the vo]umet(;r method. It is not neiMvssary to employ 
very lai;ge globes, the results obtained w’ith (piite siHnll adobes lieing at least 
as concordant auF'mg themselves as those obta.ined with 8 to it) iitax' globe, s. 
Lord Kayleigh’s accurate o\|tl'rimeiits wen? carried out wTtli a globe the 
volume of w'hicfc • wtif about L8 litre.s, while tlie*d6nsity of •nitric oxide wa,s 
measured by Oray, ii.sing a globe of only 0'2b7 litre I'npacity. ^lii their 
work on the density of nitric oxide Luyo and Davila employi'd three globes 
of ca[)acitics (at 0’ 0.) 379‘80, 385-01, and 817-b5 c c. rcsjiectivcly, calibrated 
by w^igbiinj them omjity and theai filled with watm- at 0° (!. 

A small globe po.ssessi's the advantage that the I’orreetiou ncces*> 'yA,.on 
ateonnt of itS contraction .wlieii (‘vacuated is [)ro[)ortionally less than that 
^ for a large globe. In fact, tAie*on]y erro» tbaf is ^in^incntod 1^ employ- 
ing a small globe is that^duc to “ailsorption ” of gas. on the snrfa^e^of 
the^lass. « * • , 

To^obtain accurate results, it is absolutely necessai y to have the interior 

___ , ^ ^ ^ 

* For the “globe” iuetliod*i’a7<! Mta’lcy, htr. nf. ; ZrilacJi. pliysifnJ, Chnv.^ ISI' 6 , 20 , i ; 
22,2; Rayleigh, I’/or. jioy So<-., 1890,53, 131; Leduc, Ami. ('hnn. Vhiis., (vii.), 
15 , fj ; Gray, Trans^Chrm. Snc,., lOO.a, 87 , IfiOl ; IVrman and Davus, P4'0c. liny 19<M, 
A, 78 , 28 ; Baunie, / Vhwi phys,, 1908,6, 1. For tliT voln«ietcr niothod, srf MoiHiy, loc, 
cil.; Gray and Burt, Tray^. Chem. Soc., 1909,*95, 1633 ; Berman and pavic.s, he. cit. 

** Regnaiilt, Compl. rend., 1845, 20 , 975< • , 
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' - of the globe pei^ctly dry, and to ensure this, after fh’st repeatedly filling 
the globe with pure air dried by phosphoric anhydride, it is necessary to 
fill the globe rei)e»tedly with the pure, dry gas and evacuate. Successive 
density deterniinationi* 'then give concordant re/^ults, provided care is taken 
to maintain the globe vacuous betweed the experiments. 

_ The contraction undotgone by each globe when evacuated was directly 
measured by the method suggested by Travers ; ^ for this purpose the globe 
was supported in tihe interior of a large desiccator, the stern of the globe 
f passing through one of the holes in a stopper in the desiccator lid. Through 
the (\tlier hole a calibrated vertical capillary tube was passed. The desiccator 
was filled witli water and imiuerscd in a constant temperature bath ; and 
the contraction of the globe was obtained by observing how far the level' 
of the water fell ilr the capillary tube when the globe was evacuated.- 

Idle globes were always filled with nitric oxide at the temperature of 
nieVtin^ ice and under a pressure slightly in excess of atmospheric; the tap‘ 
was opdncd to allow the pressure to fall to that of the atmosphere, and' 
then closed again. The globe was then dried and weighed against its. 
^counterpoise. * 

‘ Tlio 'oalcuHition of the results, with all necessary corrections, is cxplainodl 
on p. 130. No correction was ajiplied for “adsorption”; but’allowance was 
made for the deviation of the gas from Boyle’s Law. 

(ii.) The'volumoter method renders it possible to oeal with large (piantilies 
of gas, since the apparatus for measuring the volume iieeKl not be portable. 
The weight of the gas may be determined in two ways, either by disengaging 
f. the gas from an a})paratus which only allows pure, dry gas to escape, and 
determining the loss in weight of the apparatus, of by removing the gas 
from the volumeter after its volume, temperature, and pressure have been 
determined, absorbing it by suitable ihoans, and determining the increase 
in weight of the absorption apparatus and contents. The former method 
was used for the nitVogen-hydrogen mixture (p. 259) ; the latter for ammonia 
and nitrous oxide. 

The arrangement adopted by Guye and Biiil'/a is shown in fig. 77. The 
globes A and B wei\ calioratod by determining the weight of water .-'t 0* C 
that filled them ''to the marks a and If. Their combinocl volumes amounted 
to 3b02‘63 c.c. * The “dead spdcc” extendinj^'from these marks to the tap 
L in one direef/on, and'’tlie zero-point n of the merciiPy'niinometcr in the 
other, w^,s separately determined, as also was the space between the taps 
H, I, and L. 

In conducting an experiment, the absorption tube C, containing cocoanut 
charcoal, was evacuated, weighed, and attached to the apparati>s as sliown, 
The'i».pparatus, which '’had previously been rinsed out several times with 
pure, dry gas, was evacuated, and then slowly billed with gas until the 
pressure was about one ^atmd'sjihepo. The glol>js were surrounded by melting 
icCj av'id when the temperature of the gas had reached 0“ 0., the taps I and L 
were closed, the'merc.ury adjusted to the mark ??, anfi the initial pressure 
of the gas accurately observed. 

The space 11 I L was next evacuated, the tap I closed, and then, by 
svntably manipulaikig the t^ps H, L, and^K, the gas was absorbed in the 


^ Tl.vvoi’8*, 2’/ie Studj/ o/ Gases (MiicniiU&n & Co., 1901), p. 119. 

2 cy, Baurao, J., Chim, phy8., 1908, '6,' 16 ; tliis paper contains full details of the . 
experiraental methods used at Geneva, 
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charcoal cotitainod irt the tube C ; this tube was eool(?d a bath of ether 
and solid carbon dioxide. After most of the gas hno been absorbed, the taps 
H and L were clo.sed, and tl»o pressure of the residua^ gas in ti|e globes 
determined. The gas contiyned between 11, 1, and f., was pitmped out and 
measured, and the absorption tube reiftoved and reweigliod. 

In calculating Mic results, the difference beiCeeii the initial and fimd* 
pi'essuros v.’as taken, and the densities dedin^ed aiteording to the method 
given on p. 130, the correction for elasticity of the* glass” is, however, 
unnecessary. Due allowance was made for the fact that the tf'iiiperature , 
of the gas in the dead space was not 0* 0., and the results wore correct^ for 
the known deviations of tlie gases from Iloylcii Law. 

Cuye and Pinlza considered that by still h'aving an appreciable anfonnt 
of gas in the volumeter at tlie end of an experiment, linv “adsorption” 



effect was eliminated from their results; but this coiiclusioii is erroneous 

(c/. p. 108).. 

Keference only can be made to the measurements of compressibilities and 
.critical constants {vide m/ira). 

Staterftent of Results. Analytieal Methods — ^i.) Gravimetric analysis 
if nitrous oxklo. In five cxpcriieents, * 


Hence 


5'6269 grins nitroi*s ixide yicldid 2 (W54^U'*n.s. oxygen. 
0*: : 44'l)ir, : 16, and N = I4-(Xja 


'The presence of a trace of air or oxides oD.carbon in the gas would lead to 
a slightly high value for Jhe atomic weight of-nitrogvi. « 

(li.) Gravimetric analysis of jsitrogen peroxide. In s^ven experiments,* 

10'3522<grms. nitrogen peroxide yielded 7T999 gnus, oxygyi.. 

Hence * • , * * ' 

NO-** O • • kt * 
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A trace of oxy^eiV dissolved in ilie nitroj^on peroxide would eaus^ tlie result 
to be rather low. 

(iii.) hlraviinctrri'- analysis of nilrosyl chloride. In five experiments, 
0-()0G7 ^nn. nilroLion W(',re obtained and'O'GOGl gnn, oxygen. 


, Hence f- ^ 

'' N : : 14 000 ; 1(5, and N = I4’ob6. 

(iv.) Volumetric analysis of nitrous oxide. As tlie mean of four 
' experimenfs, 

1 litre of nitrous oxide at M.T.P. yielded 1-00717 litres of nitrogen. 


But increase in volume of iron spiral, due to oxidation, amounts to 0'30 c.c. ; 
hence corrected volume of nitrogen is I‘000(S7 litres. Also 


■ 1 litre of nitrous oxide at N.T.P. weighs 1-9777 grfus. {vhJe Infra), 

1 ^ „ nitrogen „ „ 1*2507 ,, (ilayleigh). 

‘Hence 

(N.O-N,) : x\> : ; 10 ; 28-(H2, and N - 14 - 021 . 

(v.) Volumetric analysis of ammonia. As the mean of three expcrime*nts, 


Weight of * normal” litre of mixi'.d hydrog(‘n and rUtrogen = 0'3799 grjns. 

Asj(.uming the data of other observers for tlie densities and compressibilities 
of hydrogen and nitrogen, it follows from this result that the molecular 
volumes of these gases are in the latio of 1-00057 ; 1 yt JN V.l’ , and 


H., : N, 2*0152 : 280:50, whence N - T4‘0I5 (H - 1*0070). 

Guye and Piutza only attach a conOrmatory significance to this result, and 
therefore the details<of the caleuhition are omitted. 

Phi/Mcal Methodi : (a) AM/u, -The values obtained for the weight ingrains 
of a normal litre of gas arc as follows : — 


NH.J 

N.H 
NO * 


0- 77079 (m^an of 5) 

1- 0777 ( 3) 

r34()2 ( 14) 


The folliAving are th(‘ values of at 0° C. (sec p. 132) : — 


NH.,. N,(). 

+ 0-01521 +0()0742 

(ICiyleiKh) 

n 

-Til emeriti cal constants are as follows; — 


NO. 

+ 0-00117. 


, • ^ .NU'/' N.,0. NO. 

gritic+l temp, (abs!; . . . 405-3“ '311*8“ 179-5“, 

» pre!^s.*{atm.) . . . 009-0'' ,77-& 71-2.' 

The -values for nitrous oxide and nitric oxide are due to Villard ^ and 
Olszewski “ respectively,. • • ^ 

(6) Calculation %f Molecular Wevjhts Atomic Weiuld of Nitrogen . — 
(i.) By Limiting Densities. Assuming the values 1*4290 and +0 00097 

' Villard, Coinpt ifnU., 1894, Ii8, 1096. , 

^ 01s.^e)Vi>ki, Vhil.t Mag. , [v.], 39 , 188. 
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respoctiveb' for tho* normal density and the coefficient Si for oxygen, and 
applying tlie formula (3) deduced on p. we hav. ■ — 



r. • 

1 • A ' . ' 

Mo.b .•iil.ir 

*A0'mi(’ "eight 




■if Nitrogen. 

Nil, , 

07708 

0 98179 

17 -oir., 

» 

• 

N .,0 . 

j l-'»777 ' 

0 992.. S ; 

41-001 

13 992 

NO 

1 1 -8402 

0 998S8 

80-006 

14001 

0, . . . 

1 4290 1 

0-i)<'90;J 

• 

82-000 

(sjaiidau]' 

r4-(X)6 * 


(ii.) From (h’itic'al (’oiistaiiLs. Applying the formulii; of p. lot to the 
data already given, the following results are obtained : — 


' 

• 




• 


L. ilO-Mf. 

1 

10 \Ik 10 -IV 

10 -J-.7v 

Miilconl.u- 

W.-jglu, 

A toiiilT Weight 
vf Nitiogen. 

Nil, 

N„0 
! NO . 

i. • - 

(i-7708 859 

1-9777 710 

1 -8402 2.07 

* 

170 . 1.751 

185 878 

115 i ... 

1 16 
156 

17 086 

1 1 -008 
80-009 

• 1^-013 

14-004 

1 4 009 


Summary of Results.-- The various rcsidts obtained by tbiye.and 
his collaborators for the atomic weight of nitrogen are given in the following 
table : • 



Analytical.''* 

• 

riiysical. 




• 

• 



Graviinetuc Volumetiic 

Jleiisily 0 

Cl i Ileal 

Analysis. Analysis. 

Limils. 

Con 

s rants. 

N,0 ; 0 

1 4 m * ' N.,0 : N., 

14-021 

Nir., 

■ • 

1.8 -9^2 

••Nil, 

14-013 

NO., ; 0., 

11-010 N 811» 

14 015 

*\oO 

14 OOl 

N..0 

14 004 

N • 0 

] 4-006' •' (indiiec-t) 


NO . 

,14-006 

NO 

14-009 

(uiNO(Jl) 

i 




- -- • 



The mean of the three gravimetric values is N=:l t-(K)H, mie-h the best 
series beir^g undoubtedly that i elating to the analysis of nitrogen peroxide; 
in each ease flic dcti'rminntion was a direct one. • 

The resfdts of the volumeirie analysis eonflrm the gravmietiu; value; 
die value obtained from tli (4 analysis of ^utrois oakI® depends, however, on 
die densities of nitrous oxide and nitrogf'ii as weTl as on thff volumetric 
'alio measured,^ while the iiiietwtainty concerning the v;ilue dedue^d 4rom 
die analysis of ammonia !ias been already mentioned. 

Turning to the physical results, it is «een that the mean vahie deduced 
jy the method of critK^al constants is N = 14-00b» in^close agreement with 
die gravimetric vniue. It shoUld be lemeinberod, however, that this mefliod 
)f calculation ts empirical, although it yields good resuits for a npmbar of 
)ther atomic weights (see p. 1. 'lb). ^ * t • • 

The results obtatned by the methoif of limiting densities are, in the caaea 
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of ammonia and ^litrous oxide, dintinctly lower than thb gravimQjfcrio value. 
These two gases are readily liquefied, and with such gases the molecular 
weights obtained by this method are usually rather low, probably owing to 
AJ being overe8timate(^f The method of extrapolating for AJ, adopted by 
Jaqiierod an(\ Sheuer for ammonia, is'-open to criticism; while Rayleigh’s 
value for Aq for nitrous ^ oxide is almost certainly too largo, since it is 
obtained by a linear extrapolation. The value N = 14 006 furnished by 
nitric oxide rj, however, in good agreement with the gravimetric value, as 
also is the value deduced from the density and compressibility of nitrogen.^ 
The experitnenial work carried out at Geneva therefore leads to the 
rounded-ofF value N = H’Ol.^ 4 


* Rerthelot, Compl. rend., 1808, 126 , 954, 1030, 1415, and 1501. 

® For a full discussion of ilio atomic weight of nitrogen, see (>uyo, Bull. Soc. Chim., 
1905, 33 , 1 ; Clirm. News, 1905, 92 , ‘201, ‘275, 285; 1906, 93 , 4, ^3, 23, 35 ; Gray, Trans. 
Chem. So£, , 1906, 89 , 1174 ; and for further modern work on the atomic weight of nitrogen, 
see Gray, Trans. Chem. Soc., 1905, 87 , 1001 ; rcrnuin and Davies, Broc. Boy. Soe., 1906, 
A, 78 ) 28 ; Richards and Foibes, J. Amer Chem. Soc., 1907, 29 , 826 ; Richaids, Koethner, 
Iknd Tiede, ifnd,, 1909, 31 , 6 ; Wourtzel, Compt. rend., 191‘2, 154 , 115. See also Vol. VI. 
of this scrips. 



CHAPTER Virt. 

CLASSIFICATION OF THE ELEMENTS. 


ClASHIFIC’ATION ok THK ]'ir,K>lIONTS. 

Tup: (3ducate(l mind always endeavourH to classify and arrange isolated things 
or ideas. Hence it is not to be wondered at that, when once the Atomic 
Theory, as e*iunciated by John Dalton, liad been accepted, ^ iruinorftus 
attempts were made by chemists to discovta* some method of grouping 
together those isolated portions of matter known as elements, these, the 
earliest was that of Prout,^ who, in 1815, suggested his famous hypothesis 
that the atomic wmghts of tlic elemenis are ])robably exact multiples of the 
atomic weight of hydrogen. In Prout’s opinion hydrogen correspondeef to 
the '^Tpioryj vXr) (prot^e) of the ancients. Tliis hypothesis was warmly 
welcomed by 1 honitcs Thomson, who carried out a number of experiments 
with the direct objeer of^^roving the liypotiicsis to be true.® JTis results, 
however, were viewed with Ihe greatest* suspicion, particularly by Borzcliug,^ 
who, in 1825, published a revised table atomic weights, tie values for 
wdiich latter diHerod very widely from those given by/rhomson. In 1829 
Edward Turner,® a supporter of ProiiPs hypothesis, confirmed the value 
^i^cribed by Berzelius for the atomic weight of barium, proving Tliomson's 
“wTue Fo be ingjrr»ct, and four years later he® renouticech the hypothesis 
altogether, as also did Penn/ in 1837.’ , , • ^ 

The hypotifesis *vas revived, however, by Duipas,® who, in conjunction 
witli his pupil Stas, showed that the ratio of the atomic weights of carbon 
and hydrogpn was almost exactly 12 to 1. The atomic weight %f chlorine 
(35-5) was a difficulty, however, and in addition copper, lead, and a few other 
eleiifents yielded fractions which conscientious chemists could not round off 
into whole ntimbers as Thomson had done. To c^vercomo this, Marignac 
^jroposed to •accept Prout’s hyjHithesis as approximately true only^ -and in 


^ See Chap. I. 

Front, Atm. ]815,*ii,‘321,; 1816, I2, 

* Thomson, An Ait9m,pt tn Establish the First Principles of cfichistry by Experiment 
(Lond^)n, 1825). 

* Berzelius gave most scathing oritici^s of Thomson’s work. “ This investigation,’' he 
writes in Jahresbei-icht, 1820, “belongs to that vei^ small «lass from wlich science can 
derive no advantage . . . and the /^catest consideration which contemporaries can eliow 
to the author is to treat his book as if it hadaiever appeared.” 

® Turner, Phil* Trails,, 1829, 119 , 291. 

® Turner, ibid., '1833, 123 , 523. 

^ Penny, ibid., 1839*129, 13. 

^ Dumas and S^s, Ann. Chim. Physf, 1841, * 3 , [iii.], 6 .» 
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view of tlio atoni^’. woijjht of clilorino being, according td his own »;esearches,^ 
approxiinat('ly lio-o suggested that half the atomic weight of hydrogen 
might bg, taken as t»hc unit, a suggestion warmly w(!lcomed by Dumas, who, 
however, soon' found iUiiccessary to halve ('veii tliis. 

In 1901, however, Strutt raised the question again by showing 
, that the atomic weight.'-^, which, according to modern determinations, 
closely app'.oximate to whole numbers or are actually whole numbers, 
are fur mor6 numci’ous tlwin the law of chance will allow. In his own 
^ words, “ tlu' chance, of any such coincidence beiiig the explanation is 
not pmre than 1 in 1000, so that, to use Laplace's mode of expression, 
we have stronger reasons Uyj believing in the truth of Prout’s Law 
tham in that of many historical events whi(!h are universally accepted as 
unquestionable.”''^' 

Doeb(‘reiner had drawn attention to the fact that certain triads of 
elements exist, which exhibit both a peculiar regularity in their atomic 
weight8*'''and a close similarity in their chemical and physical properties. 
For several years the observation was allowed to drop into abeyance, but in 
“1851 Dumas ^ revived interest in the subject, and several other chemists 
entered the field, rapidly adding to the list of regularities. 

In the following tabic is given a list of the more important triads which 
show a constant difference in their atomic weights, the values for the last- 
named being'ihose published by the International Commilti'C for 1911:--- 


Eleinoiit. 

Atomic 

Weiglit. 

Dilleiviicc. 

' 

Mean of Evtn'me 
Atomic Weights. 

LiLIiinm 

6*91 

16-06 

16-10 


Sodiuiu 

23 'UO 

-23-02 

Potas.snuii ' . 

3910 


Calcium 

' 40-09 

4 7 -.54 


Strontium . 

87 -(53 

88-73 

Harium . . 

137-37 


, 

I’hosphoiu'” 

31 -04 

43-92 

» 7!^ 62 

ArM'Uic . . ^ . 

, 74-96 

, 45-24 

Aiitnuoiiy . ' . 

120-2 


Suipbur 

32-07 

! 47-13 

79 '79 

Solonium 

79 2 

48 -.3 

'rellurium . 

1J7-.5 


C’’lorinc 

! 35 46 

1 41-46 

47 -bO 


Hrominc 

79-92 

81-i9 

lodme 

1-26-92 





^ Marigiiac, Cuiapl. rend., 1842, 14 , 570. 

® Strutt, Thil. Mag., 1901, [vi.], 1,^311. 

3 See also P. Palladino, Chem. Ze„tr., 1909, i. 970; Egertoii, Trans. Chem. Soc., 1909, 
95 , ?38 ; J. Moir, fftit^.,'1909, 95 , 17f>2. , 

< Doeberianer, see OilherCs Annahn, 1816, 56 , 332, ^vhich coiita’iis a report by Wurzer 
on-Doebereiner. Sec ‘^Iso Doebcreirier, ibid., 1817, 57> Fogj. Annalen, 1829, 

IS, 301. r' ‘ < 

Dumas, British Assoc. Reports, \^L\ ^ Lowpt. rend., 1857, 45) 709; 1858, ^6, 951; 
1858, 47 , 1026. 
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The second grAiij) oF triads, the atomic weiglits of ^^'l^l^'h are closely 


similar 

to one another, is 

listed in tlic following t-d 



Iron 

. 55-81 

Hutheniiim . 

101 7 

^Osiflinni . 

190‘9 

Cobalt 

. ."''8-1)7 j 

Rhodium , 

102-0 j 

'1 ridiinn 

193-1 

NTckel 

. 58-68 

Falladium 

lOO-J 1 

I’latinuni 

. 195-2 

• 


Tt was lioood that all the ch'nu'uts might iiltimalciy he groii]H'4 into triads, 
and tliat^'in this way a eomplete system of elassiliealion of’ the elements 
might he evolved. Hut there were many cleiiK'nls which could not H 
brought into line, and when ('ooke^ dnwv alteiition to the fact (ha; these 
triads actually broke up natural groujis of elt'ment.s, a scveia^ blow was struck 
to their utility. Thus, for I'xamjile, chlorine, bromine, and iodine ari? only 
three out of the four closely related halogens, and a simihfr objection applies 
to other triads. • 

Numerous othei*regularities and discrepancies were, and have since i)0Cn, 
noted in the atomic weights assigned to the elements, but no uscffTl system 
of classification could be based upon them. FurtiKU*, many aitiunjits have 
been made to draw up formuho wlimeby the alomic weights of the elemenls 
might be calculated, and a cheek th(U'eby instituted ujion the i^ snllt, obtained 
by exjieriiiK'nt. A treatment of these, how'eviu', is bewond the scojie of this 
work. The reader wishing to lu'cnme actpiaintcd with (he subject more fully 
is Mi'ferred to the original memoirs listed below.- 

In 1853 (jHadstono ^ arranged the tdiunents in the order of increasing 
atomic, w'cights, but owing to the faulty valne.s at (hat time acce[)U?d as 
correct, no generalisations of any particular nnjiortaiice were [lossilile. A, 
few years later, howVver, when the atomic weights had laa'it revised by 
(kiiinizzaro, a nniiTh.#r r^f ind(‘|)endent mvi'stigators disedvered that certain 
reniarkalile regularities w^-e bronglit out by arranging the (‘hunents in the 
ordoi’ of increasing atomic, waughts. ( ^naneonrtois appears foliiive lieen the 

> .T. F. Hooke, Amr,r. J. fii.l, 17 , 387* 

- F. Kioniers, Pag'i. Jdixt/en, 1832, 85 , 30, 1838, 99 , 62. Kotikov.sky, Ueher die 
drr Mcinllc, /os i/',, 1854, Wu-n, 11 , Ainiafrv, 1857, 103 , 121. 

OdliiJir, 7Vn/. Ma(j* 1837, [ 111 . J, 13 , 423, ISO. [(nikf>\\'V, • Munrheiit' iUckhrten 
Anreigen, 1838, 30 , 201 ; Airnglni, 1858, 105 . 188 Morcer, r^iftsh Jleports, 

1838, J'. 57. J^icngeiF, Ptr., 1871, 4 , 570. Wiicolilcj, /*Vr,, 1878. ii, 11 Jjci'hoIi, Die 
,'kthkiiiri’hallv iswt drs I'lnnrtcnsiiHtnna inid die Atnmi/en^i'hte, 187t* Lt'i[»zig. Fedorow, 
hhil/. Sor. Chun., •]8S2, [n ], 36 , 55!0 Hiizuioit, ,/. Jiuns Chem. S<>i'., 1887, 19 , 07. Dekunoy, 
Cimpt. rend., 1888, 106 , M05 ; 1007, 145 , 1270. SLuviisky, Mtma/At , fSSO, lO, 19. 
Adkins, C/icm. I^ews, 1802, 65 , 123. Jlnindis, Coiiipt. mid., 1893, 116 , 095, 753; Chem. 
Zcidr., 1900, li. 197; Com-jd rend , 1909, 148 , 1760; 1909, 149 , 124, 1074; 1911, 153 , 
817. Meu.M, J)er Monii,nnis der rhnninehei: Klnundm, Tjifgmtz, 1893. Lotliar Moyci 
Per. 1893, 12 , 1230. .1 Thomson, liull Aead Jh'iieinafk, Dec. 14, Seubert, 

* Zeitseh. anortj. Chan., 1895, g, 334, M. Toph'r, Ces. Isa 71mt7in,_1896. Abhaiidlung 4. 
A, F, Venablo, The !)>■ relopnieiH of t^ir Periodic 7.a?e (Ifaston, Pa , 1896), gives an interest- 
ing account of most of the abo\e, w'ith full references n^ to 1895, Hjidbeig, Zeitseh. 
a^org. Chan., 18^7, 14 , 06., U Bulk, Bcr , 1898, 31 . 1805. H. du Hois, Bapjiorts im 
Congres Internationiilc dc Vlnaiqne, l^iOO, 2 , 160 ; Ih Hiltz, Her., l^Ofi, 35 , 362. Kunge and 
Frecht, Phil. Mag., 1903, [vi'd, 5 , 476. E. J. Mdl.-, Phil. Mag , 1903, [n.]. 5 , 543.* C. E. 
►Stroikeyer, Man. Manchester Phil. Sor., 19()7, 5 I 1 t'n], 1. N. Delanoiiy, Chew. S'eivs, 1908, 
92, 99 . D. F. Comstock, J^Anier. ('hPin. So/'., 19(.^', 3 O) H I'ubreiyl, Compt. rend., 

1908, 147 , 629 ; Bull. Sor. Chun., m09, [iv.]. 5 , GOO, 708. N. Howard, Chan. Neios„l^\0, 
lor, 181, 205, 265.# J. Moir, S' A fri/'an J. Sri., 1910, 188. K. Selieringa, Chein. 
JFerkblad., 1910ji7, 407. Loniig, Chem. Nrws, 1913, 108 , 247 ; J914, 109 , 189; 1914, 
no, 25. • 

3 Glad.stone, Phil. Ifag., 1853, [iv.], 5 , ^1^1. 

■* Cliaiiconrtois, Compt. rend., 1862, 54 , 7^7, 840, 9(^7 ; 1862, 55> 600; 1863, 56 , 263, 
479 ; 1866, 63 , 24* See ilartog, Nature, 1892, 41 , 186. 
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first to observe th^i, and he arranged the elements in a spiral roiincj, a vertical 
cylinder, whoso surface was divided into sixteen vertical sections. The 
elements situate in, any vertical column were seen to possess analogous 
chemical and jjiliysical guoperties. This arrangement became known as the 

Telluric Screw. 

, About the same time Howlands was working along ^very similar line^ 
and in a setr(‘S of classical papers,^ introduced his fainous generalisation 
known as The LaW of Octaves. » 

At first Newlands’ papers were made the subject of ridicule, but before 
long ^Jothar Meyer ^ and Mendel(ieff,^ both independently made similar 
observations. According to Neydatids’ Law of Octaves, when the elements 
are arranged in the order of increasing atomic weights, the first and last of 
any eight consecutive elements possess similar properties ; in other words, the 
properties of the elements are periodic functions of their atomic weights — a 
generalisation which became known as the Periodic Law. At this time, 
how'ever,’*not only was the number of known elements relatively small, but 
the values assigned to their atomic weights were still often faulty. As more 
dements were cliscovcRed, and their atomic weights were determined with 
greater awmrapy, the value of the law became increasingly apparent. The 
periodic table drawn up by Mendel(''‘cff in 1871 is showm on p. '260, and the 
modern table, which forms the basis of the classification of the elements 
adopted in thd present scries of text-books, is given as the frontispiece,^ It 
will be observed that the two tables are substantially the same, save 
that an extra vertical group has been introduced into the modern table in 
^ order to enable the inclusion of the inert gases which, of course, wore 
unknown in 1871. This new group has been appropriately designated 
as Group 0, for reasons that will be evident late^. For the sake of 
convenience, also, the rare earth elements are indaded in the modern table 
in Group III. ' 

A careful cxamii’ation of th^se tables reveals the following interesting 
points : — 

In MeiideUcfif's table there arc two short horizontal series each containing 
seven elements, no two ef which in either separate scried rcsem lpe n uft, 
another. But tile (irst, second, etc., members of the first t.eries resemble 
very closely the corresponding mernbers of the sttiond series ; in other words, 
there is a recurrence of properties with every eighth element. ‘ 

Passing on to the succeeding horizontal groups, it is observed that it is 
the alternate elements in the vertical columns that resemble one another 
most closely, 'rims, for example, in Group L, copper and silver are more 
closely related to one another than are copper and rubidium or than silver 
and emsium ; and the sitmo is tme for rubidium and ca'sium.' Hence it is 
customary (see frontispiece) to group together the next two horizontal series'' 
as one long series of even and' odd members rcsp3ctivelv. This arrangement 
allows of the inclusion of the elements of the eighth group, namely three sets 

^ Newlanfls, Chem, News, 1864, lo, ^9, 94; 1865, I2, 83, 94 ; 1866, 13 , 113, 130; See 
On the Discovery of the Periodic Law, and on delations among the Atomic Weights 
(Lopdon, 1881). t ' ' 

^ 'Lothav Meyer, Die Modernen Theorien der CheLie, Breslau, hSQi ; Annalen, 1870, 
Suppl. 7 , 854 ; Ber., 1873, 6, 101 . ^ , , 

^ MeudeLeF, J. kuss. Chfm. See., 1869, 1 , 60; 1870, 2 , 14; 1871, 4 , 26, 348; 
Annalen, 1872, Suppl 8 , 130. See also Os^wVtld’s Klassiker der ^akten Wissenschaften, 
No. 68 , which contain^ a collection of papery by bo^h chemista. 
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See Mendeleetf, Aknaleny 1872, Suppl. , 8, p. 1^1. 
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of triads, the *^el^ients in each triad possessing approximately, the same 
atomic weights. These are freipunitly termed transitional elements and 
connect the even and odd moml)ers of the several long series 

Tiirnitig n()w more ^particularly to the ntbdern' table (see frontispiece), 
which, on account of its greater completeness, is worthy of careful study, the 
following points are observe^l : — 

f 1. The ejements of Group f. and II. exhibit a highly electropositive 
character, whweas ttf;)se in Groups VI. and VII. are just as strong^.y electro- 
negative. Midway between these groups we have carbon and silicon, the two 
*nrst members of Grouj) IV., w hich are both electropositive and electronegative 
upon occasion, and thereby allb^-d excellent justilication for retaining their 
positions. 

Disregarding Gpmp VIII. for the moment, we sec that the inert gases of 
Group 0 constitute a very fitting mean between the electronegative eh'mcnts 
of Group VI 1. and the positive elements of Group 1. 

2. valencies of the elements in the several groups show' a regular 
increase as wo pass from one group to another, 'riius, considering the 
o^xygen compounds only, the valencies increase from 0 in Grou}) 0 to 8 in 
Group VI 11. On the other hand, the most stable hydrides are yielded by the 
elements in Groups IV. to VII., which now exhibit a valency fa'iling from 4 
in Group IV. to I in Group VI I. (see p. 286). 

3. All thror'' elements of any one of Doebereincr’s t?j’iads occur in out) or 
other of the vertical columns. The Periodic (dassificatioji thus shows the 
conn/'ction between the various triads themselves, as also the relation 
between them and the other (‘leifrents which exhibit no simple uniformity 
Sn the numerical values of the atomic weights assigned to them. The 
advantage of this is stupendous, and in the Periodic ^System we have the 
only means as yet discovered of grouping all thu elements together as a 
consistent who^e. 

4. Nunu'rous blaiiius occiu in ^he table. Presumably these indicate the 
existence of hitherto undiscovereil elements (see p 275). 

5. As a general rule, the metals possess the highest atomic weights. 

Not only are the chentical pro[iertics of the elements periodic fnnetiona , 
of their atomic w^('«ghtl; the same is likewise true for many of'^their physical 
charack-U'istics. ^P^is is well illusbrated by the ictomic volumes— that is, the 
volumes of the gram, atomsuof* the elements in the solid stitxe. In the curves 
(6g. 78) the atomic, volumes are expressed as ordinates, the rtomic weights 
being exprCissecl as the abscissa', according to the method first ^imposed by 
Lothar Meyer, d’he atomic volumes in the li(|iud state have been used in 
the ease of elements, such as hydrogen and helium, that are gaseous at 
ordinary temperatures, ol cursory glance suffices to show' the* symmetrical 
arrangements of the metals, metalloids, and non-metals, but the system is 
inferior to the chemicalgjlassificxitiom already cejuaiMered, inasmuch as it does 
not indicate clearly w'heit each curve is complete. ^ Consequently it usually 
afford] but little jjalp cither in the search' for fresh pleiuents or in the 
attempio to correct existing atomic weight values.^' 


’ 'liolhai Moyei, Modern Theoriet of CheynUtry, t\«inslatofl by Reilsoii and Williams, 
(bonginans k Co, 1888); The Pr}nc}ph'i of ' Chf’niistrif, by Menrleloeff, trunslat'd by 
Kametisky. 1 ;,^ edition (4iongmans& (b., 1892); Ifopkins, J. Avier. Cherji, Soc.,^ 1911, 33 , 
1005. ,F(jr a nutnbor of other ‘Atomic w'eiglxt icurvcs see Wedekind and Lewis, Atomic 
JFeiglU Curves cStuttga>4;, 1910). 
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Other periodic properties are : — 

The crystalline forms of various | 
j;ompound!^ of the elements^ | 
The meHing- and 'boiling-points i 
of the elements.^ * 

Heats of chemical conbinatiou.^ 
Valency.'* 

Ionic if.obilities.^ 

Changes of volume on fusion.® 

, Ionic colours.^ 


Conductivities.® 

Hardnesso.s of the elements.® 
Distribution of the elements in the 
earth,'® 

Refractive indi/ses.^^ • 

Compressibilities.'® 

Densities.'^ ^ 

Magnetic susceptibilities.'* 

The spectra of the elements.'® 


With regard to the spectra^ Kayser and Runge and Rydberg noticed 
that those oleme? ts the spectra of which are known to contain definite line 
series,'® may be classified according to the general characteristics of their 
spectra into exactly the same fannlics as are given Vy Mendel ceff's table. 
The spTi’jtra of sodium, potassium, rubidium, and csesiuin, for instance, all 
consist of doublet series and correspond with one another almost line for 
Aine; and since the “line” P (1) of the lithium spectrum liars been shown to 
be, a dooblct, it is very probable that all the others are close doublets and 
that the spectrum is analogous to the spectra of the other' alkali metals. 
Rydberg also noticed that if the common “convergence frotpiencies ” of 
the two sul/jrdinate series in the spectra of the "elements, or the Ijmits 
of the principal series, are plotted against the atomic weights, the points lie 
on a periodic curve very similar in shape to that obtained by plotting the 
values of v/W® for D and S doublets, or r^/W® for D and S trijilots, 
against the atomic weights (W); and further, that not only aro the 
values of v/W® periodic fimctiojis of W, but so also, are the magnitudes v 
themselves,''’ " 

T. W, Richards has pointed out that the heats of formation of the typical 
oxides (referred to *bne-gram eqPdvalent of oxygen), the melting-points and 


' See ])]), 70 to 77), where j^somorphisin is fully dealt with 

® Hoc Oai'iielley’s imiperous p ipcrs in Trans, ('hem f)Oc , I'roc. Tqy, >Sor., tind Ifhil. 
from 1876 on ward?,* 

® A. F. Laurie, Mag., 1883, fv.], 15 , 42; Richaids, Ttaus. Ckem. Soc., 1911,99, 
1201. , ^ *. r 

. * See p. 286 ; also Keed, Trans. SI Loui.s Acad. S<‘L, 1885, 4 , No. 4.^ 

® Brodig, Zeilsch. physikal. Uhem , 1894, 13 , 289. 

® M. Topler, IFied. Annalen, 1894, 53 , 343. 

C. Lea, Amcr. J. ScL, 1895, [lii.], 49 , 357. 

® Sander, Chein. Zentr., 1899, ii. 955, from Electr. Zeit., 6 , 133. 

® Rydberg, Zeitsch. phy^kal. Chen\, 1900, 33 , 353. < 

L, de Launay, Compt. rend., 1**04, 138 , 712; V. Poachl, Znfsch. p^hysikal. Ohem^. 
1908, 64 , 707. 

F. L. Bishop, Aviet^. Chend^L, 1906, 35, 84. z- ' 

T. W. Richards, W. 17. Stull, F. N. Bunk, and F. Bon'iiet, Carnegie Inst. Publka- 
lioT% f9/)7, No. 76; Zdtsch. Eleklrochem. , 1907, IJt \'Zeitseh. pb^slkpl. Chem., 1007, 
61, 77, 100 ; J. An^r. Chem. Soc., 1909, 31 , 154 ; E. Gruu“iseii,' 747 m. Physik, 1908, [iv.], 
26, 393. 

Poschi, Zeitsch. anorg. Chon., 1^808, 59 , 10^ 

'* M. Owe;., Proc. K. Alad. JFeIcnseh. Amskrdam, 191k 14 , 637. 

See Kayser and Range, IFied. Amialcn, 189^ 41 , 302; 1891, 43 , 38.5. Rydberg, 
K. Svenskn Vet-Akad. HandL, 1890, 23 , Nflf. 11 ; n^ied. Avnnlek, 1893, 50 , 629 ; Asiro^ 
physical J.. 1897, 6, <233 ; Baly, Spe<;troseoinj (Longmans & Co., 1905), 6 'hap. xv. 

Sfe pp.'^ZSG and 239. « 

''' Rydboeg, loc, dt,, and Paris Internaiwml Imports, 1900, 2 ; 200 . 
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$i 0 <Jtrbcl 6 ' potentials of the elements, when plotted ag«iuo«/ wio »i/obild * 
Weights, give rise to periodic curves somewhat similar to the atomic toluthe. 
^curto, although the actual “periods” on the cur^^es are different. For 
-instance, the summits on the “heats of formatior of tlA oxides ”*<5urve are^ 
oocimied by Li, Mg, Ca, Sr, La, etc.^ , ' * 

Imperfections of the Periodic Classifici»tion.— It is not surprisingj 
that a system of ‘ciassification which aims at embracing not jnly all tl^b" 
known but also the unknown elements existing either in ^he state or in 
various stages of combination in the universe, should have its weak points.' 
These may arise from two causes, namely : — | 

1. An imperfect knowledge of the law itself, which either leads us to seek 
too wide an application for it, or to limit its sphere of activity by seeking to 
confine it within certain narrow and arbitrary boundaries. 

2. Insufficient or inaccurate knowledge of the elements it is sought to 

include within the scope of the law. ^ . 

As a matter of fatit cases have arisen from both of these cause* - Thus, 
when the inert gases were discovered, there was no place for them in the 
table until tlie system had been expanded by the inclusion of a separate 
vertical column, now known as Group 0." This extension not only makes the 
system more somplcte by reducing the abruptness of the change as wo pass 
from the highly electronegative elements of Group VII. to tlic 0 ([ually highly 
posifilVe members of Gj’oup I., but it also widens tlic scope l^y yielding a 
seriCIi of blank spaces which may in the future bo filled in with the names of 
elements not yet discovered. • • 

As an example of discrepancies arising from the second cause, namely, 
insufficient or inaccurajo knowledge of the elements themselves, the case of 
osmium, iridium, and platinum may be mentioned. 

In 1870 these eltiJicf.^ were believed to have the following atomw 
weights : — .. 

Osmium . . • . 198‘8 

Iridium 196417 

Platinum . . . . 196 7 

According to this, their positions in Group ^^II. *should be reversed, 

. platinum comin|f under the same vortical column as iron aiig ^iitheniimj, the 
metal osmium bein^ relegated to the third vertical column, under nickel 
and palladium.* But such an arrangement is opposed to th6 general properties 
of those elements, platinum resembling nickel and palladium mej^’e closely 
' than it*doos*lron and rntheninm, the reverse being true for osmium. Subse- 
quei^ research, however, has shown that the atomic weights assigned to the 
above three* elements in 1870 were inaccurate, the values recognised by the 
• International Atomic Weight Committee for 1917 being as follows:-^ 

Osmium.*, •. . •. •. 1909 

Iridrum . , . . • * 

•♦Pll^tiniim • . . . 195 2‘' • 

• 

The discrepancy, therefore, no longer exists. 

Inhere still remain, Jipwover, 5 few renitirkable, exceptions tto the law.' 
'^rhese are as follows: — ^ • 

' • 0_ 

^ , 

‘ T. W. Rickards, The Faraday Lectine, Tra?is. Chem. Soc., 1911, 99,*lz01? 

* Ramgny, Ber., ](^98, 31 , 8111. See Illit II. of this Volume., 
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1. Argon and Potassium. — With an atomic weight Ofo39*88, argon should^, 
lie between potassium and calcium in the periodic table. But fhere is ftO 
room for it, and to interchango the positions of argon and potassium by 
placing tiic letter [;len),ent in Group 0, and-?the former in Group I., would, 
obviously destroy the symmetry of the- whole (see this volume, Part II.). 

2. Tellurium and loifine. — From chemical considerations tellurium 
‘^properly bel^ongs to Group VI. and iodine to Group VII. ; but the atomic 
.weight of the formei element is found tube higher than that of iodine, which 
' implies that the positions of these elements in the table should be reversed 
‘ (see Vol. VII.). 

S.'* A tcl'el and Cobalt. — The ^atomic weight of nickel, as determined in a 
variety of ways, is slightl}' less than that of cobalt, a result which places it 
between iron and c^^balt in the eighth group. Nickel, however, resembles palla- 
dium and platinum more closely than it does rhodium and iridium, the reverse 
being true for cobalt. Furthermore, by placing cobalt beUs een iron and nickel, 
a more .gradual variation in the properties of the three elements becomes 
observable. Thus, for example, wliilst iron forms two series of well-defined 
salts, namely tlie ferric salts, cobalt forms cobaltic salts only with com{)ara- 
tive difficulty, and nickel only yields nickelous salts, Evidently, therefore, 
the true position of cobalt should lie between iron and nickel (see Vol. IX.). 

In addition to the above anomalies there are several indications that the 
periodic systijm is not perfect as it stands at present. i Of these the following 
are the most important : — 

'1. The Position of Hf/drogen. — It is goner.ally agreed that the valency of . 
hydrogen is unity, and this opens up two possilile positions for the element , 

‘ in the table, nanudy at the head of either the first or the seventh group. In 
accordance with its low boiling-point, and the diatomic nature of its gaseous ' 
molecule, many chemists prefer to include hydrogen'^in the seventh group 
along with the halogens ; and this is apparently justified by the fact that’ 
solid hydrogen heaps no resembluiice whatever in its physical properties to 
the alkali metals,— *011 the coi\trary, it is tyjiically non-metallic. ‘ Further- 
more, Moissan ^ showed that in the metallic hydrides hydrogen ~ lik*; 
a non-metal, inasmuch as the hydrides do not conduct th 
and hence canujt Ifb regarded as comparable with allo^sv.^^uv^i^^k 
chemical behaviour of hydrogen i. considered, facts spcaJ^cV^ 99 

of its metallic ng-tip-e. The most stable compounds of ’ k 

metals generally, are those formed by union with nr^y^vv'^ 

Thus, for" example, although the halogens exhibit bu ^^.y'^"? VV:e> ^ V to 
combine amongst themselves, save in the case of the twy 
fluorine and iodine, yet they yield very stable compounds'^' “e- and 
the metajs. The samo^truth applies with more or .e^®'^to the 

other non-metallic elements known. Consequently^ ipy';, .'ms most natuVal t6/ 
regard hydrogen as analogois to a metal, a^] as s( O' t is a more fitting 
‘ forerunner of the alkali iiietals than of the halo^mns. ^,^,e present series of 
toxl'books, therefpnu, hydrogen will recoiv(! detailed trcaiUilut in Vol. II. * 

‘i. Group VIII. is anomalous in that it is the ‘only one containing more 
than one dement along each horizontal line. Although these several triads 
serve, as ahoady mgntiicned, to connect t^ie odd and even members of the, 
thYbe long series, their function iit this caficity is doujitful, and somewhat 
destroys the syminetry of the wdude (sIjc Vol. IX.). 

^ iloisaan, Comitt. rend.^ 1903, 136 , 591. v ' 
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*5* The^Rare R<^'th Metals (seo Vol. IV.). — These comprise some thirteen 
^lemen’^s— namely cerium, dysprosium, erbium, europium, gadolinium, hob 
mium, lutecium, neodymium, praseodymium, samaiium, terbium, thulium, 
and ytterbium, — whose atomic weights lie between tkose^of L-nit.hanum (139) 
and tantalum (181). Now fllthough a considerable number of blank spaces 
occur in the table between the positions usually i^ssigned to lauthanum an^ 
tantalum, yet if \\% attempt to fit the rare earths into tli(‘se*in the usifai' 
manner, the result is most unsatisfactory, and dcstro}^ the mnu'try aiid 
harmony of the whole. This dilllculty may be partly overenmo bv assuming 
that the rare earths are all trivalent, and grouping tlu'in togi'thcr in th/^ third 
vertical column. Although this arrangement is not ideal, there is much in its 
favour, and, for the sake of convenience, it is the one adopted in the present 
series of text-books. • 

Advantages of the Periodic Classification.— 1. It nffonh the only 

hioien method of satisfactorily vlnssifying (hr clrmnits. • • 

2. By means of the Periodic System thf atomic icciyh/s if tln<^ elements 
may he. determined, when their equivalent or comhinimj nriy/i/s are known. 
This is a most important feature of the system and w:j,s used to good purpose 
ill the ease of gliieiiium. The combining weight of tin’s elemyiit ijas found 
to bo 4‘55, aitd, owing to its apparent resemblance to aluminium, Jlerzelius^ 
regarded it as trivalent, and its atomic weight was in conseijuence taken as 
3 X 4 hh, namely 13 6fk According to the periodic classificatfon, therefore, 
the clement should lie between carWi (0= 12 00) and nitrogen (N - 14'01) ; 
Init there is no room for it. If, however, wo assume llie element t(f Jbe 
divalent, its tilomie weight is rediiecd to 2x4‘oo 0 1, which hrings the 
clement between litbiiiin and lioroii. Here wo not only have a vacancy, but 
other elements groujied together in the same column have pro|u*rtics analo- 
gous to those of glucinum*.*. This, tlKU-efore, is its proper place (Vol. 111.), 

3, The Correction of Inaccurate Caines for the Atomic iYeiijhts. — As 
examples of this wo have already meuthmed* osmium, iriefinm, and platinum. 

, 4. The Fred? ction of the Discovery of Ren Plemenfs,f(}i<l an Indicationoj 
their General Chemical Characteristics. —The numerous blanks in the jioriodic 
table arc generally assumed to indicate the cxistciic€ of hitlicrto undiscovered 
element?. Proidoiis to 1875 there were three gaps in flic pointing to 
tlie existence of three elements at that Imuf unknown, the ifLomic weights of 
whieli were lc»i Two of these occurred fii Group«{ll. immediately 

below aluminiuwp and one in Group IV. below titanium. To thcs(^ hypo- 
thcticiil eleiiients I^lcndeleeir gave the names of eka-boron, cka luiiuiiium, and 
eka-silicon, respectively, and by studying the known elements in the immediate 
ncigtibourl^ood of the gaps, he was able to give in considerable detail the 
properties wlflch these elements would bo found possess. lUs predic- 
tions' were verified in a remarkable manner less than twenty years after 
publication in the discover^Jjy% Loco(i dc*Hoisllaudrar» in 1875 of gallium, 
possessing all the properties ^of eka-lurninium ; of scandium (cKVborrwi) by 
Nilfeoii in 1879 ;*fincl of ^rmarlfmn (eka-silicon) by WinXltr m 1887! ,fSe6 
Vols. IV. and V.) 

M“odifications of the Perio^iciSystcpi. 4’he oltvious wealtnesscs of 
the«Periodic Sj’^stem, as<i%tailed in a preceding .section this cimptor, havfe 
led. to the advanccy^nent of a Surprising number of modifications and im- 
provements (!). •We have not space to deal with tlicse Iku'c, but t^lnyreader 

^ Berzelias* Schweigger’s Joum. Fhaim., 1816, I 7 , 296, * 
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desirous of pursuiugthe subject further is referred to (ihe appended 
references, which is fairly complete.^ ' ' . • 

i. i ^ 

The Structure of t^e Atom Atio its Bearing on the Periodic 
t Classification. „ 

• According to th*e modern view of atomic structure, ^ an atomiconsists of 
‘h, central core or nnclens of very small dimensions, in which jiractically all 
the mass of the atom is concentrated, and a nuinhcr of electrons arranged in 
layers around the nucleus aneV extending from it to distances comparable 


, ^ Bauniliauor’s Spiral Arrangement — Baumhauer, Die Beziehwngen zwiscJicn dem 

'^torr^ewichte und der Natnr der chemischen Elcmenle, p. 23 (|iniiisvvick, 1870). Con-. 
\cep.tric Arrai)geinent“Wiik, Forsok till en pd Atovu/cwiglen Gmndad Grupperung 
af de kemiska Flemotterna (Helsingfors, 1875). Von Hiitli’s Spiral— E. von Huth, Das 
periodische Oenetz der Atorngevdehte wild das naturliche Fysfeiii der Eleviente (Frankfurt, 
1'834). Carnellcy, British, Association Reports^ 1885 j J’hd. Mag., 1890, {v.],2g, 97, W. 

^ Spring, Tableau repi'csentant la Loi Periodique dcs Jidenients Chi niiqiu s (Libgo, 1881); seO 
PeAodic Law, lijr Venable (Chemical Publishing Co., Easton, Pa,), 1896, ivheie (ho scheme 
is reproduced. J. Emerson Reynolds, Chemical News, 1886, 1 ; Trans. (Jhein. Soc., 1902, 

,5l, 612. T. Bayley, Phil. Mag., 1882, [v.], 13 , 20. Crooke.s, Chem. News, 1886, 54 , 117 ; 
Trans. Chem. l^e., 1888, 53 , 4>7 ; see also , 1889, 55 , 257. Eiveniioro, Proc. 

1888, 24 , 164. J. Stomy, Chem.. News, 1888, 57 , 163 ; Phil. Mag., 1902, [vi.], 4 , 411. 
Haughton, Chem. News, 1888, 58 , 93, 102. Tchilcherine, Bull. Soc. Imp. de Nat. de 
I^oscow, 1890, 1, Sutherland, Phil. Mag., 1890, [v.], 30 , 318. J. Walker, Chem. News, 
y 1891, 63 , 251 ; Introduction to Physical Chemistry (Macmillan & Co.), 1899. W. Preyer, 
Berlin Phys. Ues., 1891, lO, 85 ; Berlin Pharm, Qcs., 1892, 144 / Das Genctische System der 
Chemischen Elcmmte, Berlin, 1893, j), 104. Bassett, Chem. News. 1892, 65 , 3, 19. Weeloy, 
Trans. Chem. Soc,., 1893, 63 , 862; Proc, Chem. Soc., 1S96,„12, *1*85. Kang, Chrm, News^ 
1893, 67 , 178. ^ J. Traube, Ber., 1894, 27 , 3179. A. P. v enable, J. Amer. Chem. Soc., 
1896 , 17 , 75 ; see also Venable’s Development of the Periodic Law, 1896 (Chemical Publish- 
ing Co., Easton, Pa.), w'liere full references up to 1895 are given. Lecoq de Boisbaudran, 

. Chem. Ne,ws, 1895 71 , C71 ; Compt.frend., 1897, 124 , 127. J. Tliomsen, Zeitsch. anorg, 
Chem., 1895, 9 , 190, 283, K. Seubert, Zeitsch. anorg. Chem,, 1895, 9 , 334. Dclaimey, 
Oompt. rend., 1896, 123 , 600. Flavitzky, Zeitsch. anorg, Chem,, 1896, 12 , 182. E. Eoew, 
Zeitsch. physikal. Chem. .,^1^97, 23 , 1. Wilde, Compt. tend,, 1897* 125 , 707. Richards, 
Amer. Chem. J., 1^^8, 20 , 543. Ramsay, Ber.. 1898, 13 , 311 ; ModenrChcmisfry, 1900, 
p. 60 f The Gases of the Atmosphere, W02 (Macmillan Co.). G. Kudorf, The Periodic 
'Glassification andth^ Problem 'Chemical Evolution, 1900 (Wliitt.ker & Co.), contains full 
references to literature. K. Sniiicisen, Zeitsch. physikal. Chem., 1900, 33 , 03. Armstrong, 

- Proc, Roy, Spc., 1902, 70 , 86 . H. Biltz, Ber., 1902, 35 , 562. Staigmullcr, Zeitsch. physikal. 
Chem., 1902, 39 , 243. Brauner, Zeitsch anorg. Chem., 1902, 32 , 18. A. U’ernef, Ber,, 
1906, 38 , 014 ; Neuere Anschauungen at/f dem Gcbictc der anorganischen Chemie (Vieweg, 
Brnn.swick), 1905. li. Aliegg, AVr., 1905,38, 1386. C. Zenghelis, Chem. Zei/,,, 1906,' 25 , 
294, 316. G. Woodiwiss, Qwm. News, 1906, 93 , 214 ; 1908, 97 , 122 . Ai Minot, Compt, 
rend., 1907, 144 , 128. Loiing, Chem. News, 1909, 99 , 148, 167, 241 ; 1909 lOO, 37., 120* 
281 ; Physikal. Zeitsch., 1911, 12 , 107. A. T. Camerom Nature, 1909, 82 , 67. J. P. 
IVjoher, Pharm. J., 1910, fiV.], 31 , 1G9. C. Schmidt, ZtiUch. physikal. Chem., 1911, 75 , 661. 

K. l^mersoR’, Amer. ChemiJ., 1911, 45 , 100. E. Bauer, Zeitsch. physikal. Chem,, 1911, 
' 76 , ^ 69 . 4 . Toribio Caceijes, Anal. Fis. Qidm., 1911, 0, ^ 2 , 121. E, Q.'- Adams, J. Amer, 
Chem.* Soc., 19U, ssl K- Siheringa, Chem. IVeelh^d 191\, 8 , 389, 868 . B. von; 
Stackelberg, Zeitsch. physikal. Chem., 1911, 77> A. van don liroek, Physikal. Zeitsch., 
1911,12,496. Rayh'igl), Proc. Roij.^Soc., 1911, tA, 85 , 471. V. Phys. Beiiew'^. 

1911, 32 , 612 ,♦ J. ATner. Chem. Soc., *1911, 33 , 1349. Loring, Chem. News, 1915, 

167y'181 ; Buchner, Chem. IVeeUlad., 19i5, 12 , 336^,^ Rydberg, J. Chim. phys., 1914, I 2 ,, 
686 . Harkins and Hall, J. Amer. Chem. Soc*, 1916, 38 , 169. * 

• Rufche^ford, Phil Mag., 1911, [yi.], 21 , 669 ; 1914, [vi.'], 27 , 488 ; *Sir J, J. Thomson,' 
lid., 1^4, [A.], 7 , 237 ; 1906, [vi.], ii, 7^9< The Atomic Theory {Clahndon Pre3S^.1914h 
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wlh^he ordinarily acut/v^ci muiuo ui tiie Hiuiir. There is but one kina Qf - 
electron, common to all kinds of matter; it carries a charge of negative 
electricity, termed the unit charge, and its mass is ;i!)oiit 1/1700 of that of' 
an atom of hydrogen. Tlie nucleus of a neutral cari-ics ^ positive 
charge equal to the sum of the charges on the surrouiidiiig electrons ; but 
although the nucleus carries a neb positive charge, it may contain iiogataV;^^ 
electrons within its structure. When a radioactive atom undergoes dl8->‘ ' 
integratio ] the a and /I particles it emits ^ are cousiderc*d to w»me from the 
nucleus.*'^ The mass of an atom is regarded as being approximately proper* 
tional to the charge on the nucleus. 

Although an atom such as has been d^cribed is electrically neutnal, it 
will nevertheless produce a field of electric force in its neighbourhood, Which 
force will be exerted on other atoms associated with it in alchemical molecule. , 
Its range of efteotivo action will also extend to neighbouring molecules, and 
thus forces betweeij molecules will arise and account for such physical 
phenomena as the intrinsic pressure and surface tension of liqfnds, the 
cohesion of solids and liquids, etc. 

The electrons in the outer layer are considered to bo held in position less 
firmly than the others. They are mobile and arrange thepisolves oa«ily 
under the influence of forces exerted on them by other atoms ; and some of 
them may be detached from the atom and transferred to another. The 
cheipioal properties of an atom and such physical properties ts those men- 
tioned in the preceding paragraph will therefore depend mainly on the outer 
layer of electrons, and, owing to the manner in which the positions of tfhesc 
electrons vary, these properties will vary with the kinds of other atoms witl 
which it is associated. • The electrons in the inner layer, however, are mud 
more firmly held and are little affected by the proximity of other atoms 
properties of the atom associated* with these electrons will therefore b 
independent of the nature of other atoms that may associate ^^ith the atoii 
in question. * * 

Reverting now to the discrepancies in tl o Periodic ’Law associated witl 
the positions of argon and potassium, nickel and cobalt, and iodine anc 
tellurium, it may be said that in the cases of the Ifi^t t\^o pairs there is litth 
or no prospecti that subsequent work will change the orefor of the atomi( 
weights. The conclusion therefore appoars*inevitable that fhe position'of at 
element in th^ Periodic Table is not dependent up6n its -atemic weight, but 
rather upon some other property of the atom to which the atomic weight it 
approximatdly proportional. Pursuing this line of thought, it raay*be furthel 
supposed possible, and even probable, that when this property of the atom 
is idbntifie^ it will be found that its value steadily changes by equal incre 
ments from ofle element to the next when they are afranged in th» accepted 
brder of appearance in the Periodic Table. The successive atomic weight 
'differences, on the other fiand, J)eing knotvn t(> bo not even apj)roximat6lj 
equal, it would then occasion jio surprise if the order of the elements^ki the 
' taRle did occasiohxll}; clasli with^he sequence of atomic w^i^hts. * 

' There is considerable evidence that the view outlined in the prf*oeding 
paragraph (or some very similar vew) is cft|;roct and that the “^inknown 


' The o particlejs a fielium atom a.ssociatefl with two negative charges, and the particle 
• is ft negative electron. • • * # 

,.® See, e.g., Ilutherford, loc. cit . ; Bohr, PAiV, Mag., 1913, [vi.], 26 , 1, 476,-867 : Fleck. 
ftms. Chem. Soc., 1914, • 105 , 247. 
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* property of the atom is to be identified with the chal'ge on the positive 
nucleus of the atom or, what is proportional to it, the number of electrons ; 
surrounding the positive nucleus of the neutral atom. This is essentially 
what is known as Van den Brook’s Hypothesis and is usually expressed with 
reference to the so-called “ tiitomic numbers ” of the elements. The hypothesis 
7nay be stated in the following manner : If the elements are arranged in 
irlcreasing ovder of number of electrons surrounding the positive nucleus of 
the neutral atom and numbered in order 1, 2, 3, etc., then the8(? numbers, 

4 which are called the atomic, numbers of the elements, are identical with the 
numbQ.rs of free electrons in the corresponding neutral atoms and also with 
the numbers of the places occuipicd by the elements in the Periodic Table 
when' hydrogen, helium, lithium, etc., are assigned the places 1, 2, 3, etc.^ 
Owing to the 'Tact that it is not known with certainty how many rare 
earth elements and inert gases actually exist, it is not possible to state the 
Mtaot atomic numbers of the elements of high atomic '"“'eight, So far, how- 
ever, as too elements from thallium to uranium are concerned, it is practically 
certain that the nuclear chai gcs of their atoms increase by one unit at a time 
6ti passing from one element to the next in the Periodic Table — a result in 
accordaiKK) with Van den Brook’s Hypothesis. This follows at once from a 
consideration of the known radioactive transformations, provided that the 
highly probable assumption is made that the a and jS rays are expelled from 
the nuclei of il\e atoms.^ „ 

The work of Moseley on the X-ray spectra of the elements brings many 
more elements within the scope of Van den Broek’s Hypothesis. X-rays are 
^emitted by an element when the element or one of its compounds is bom- 
barded with cathode rays, and, by taking advantage" of Bragg’s discovery 
(p. 50) that the X-rays arc reflected at crystal faces it.-'S" possible to examine 
their spectra. Tlie X-ray spectra of th'e elements contain only a few lines, 
of extremely ' short wave-length, and ^Moseley found that when the square 
roots of the wave numbers (p. 23 i) of the lines in- all the spectra are plotted 
in one diagram against the atomic numbers of the elements the points lie on 
a series of smooth curves which approximate closely to straight lines. There 
are accordingly corre^jpond'ing lines in the X-ray spectra of, different e<V.iment8, 
and the wave nainbers of the lines in any one group of corresponding lines 
may bo reproduced with considerable accuracy" by a formula of the simple 
type < . " 


n = A(N-6)2, 


where n is the wave number and A and b are constants, by assigning N 
the successive values of the atomic numbers. Since the X-ray spectrum of 
an elemoiit undoubtedly depends upon the charge associated with the^ 
■ positive nucleus of its atom, Moseley’s results afford valuable evidence in 
favour of Van dcir Broek’s’' Hypothesis ; and" one particularly interesting 
^resi^lf^of this work is that it establishes the atouic numb^ers of potassiujn, 
argon, nickel, and 'cobalt, which are found to be in accordance with the 
positions always assigned to them in the Periodic Table and not in accordance 
with the atomic weights sequence.® * i 


t Van den Brock, ^^ature, 1911, 87, 78 ; 1913, 92, 373, 476 ; PhysiUL Zeitsch,, 1912, 
14, 82 ; mg., 1914, [vi.] 27, 4t5. 

® Soddy, ^ahrb. Radioaktiv. Electrunik.,^.^iS, lO, 188 ; Oliem., News, 19'13, 107, 97.' ' ■ 
. } Moseley,’ Phil. Mag., 1913,, [vi.], 26, - 024 ; 1914, [vi.], 27, 703. . . 
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It ma,v be alsci mentioned that the nuclear charge of An ^tom of an^ 
element maybe estimated by determining the power of the element to scatter 
a or X-rays, and that the results, which indicete tiiat tlie nueloar cliarge is 
equal to about one-half tlic aUanic weight of the 'li'jiv’^it, arc in iiir accord- 
ance with Van den Brock’s ^lypotlicswd 

Bauio Eoemknts and TDK Peiuodio Ci,AHSIKK'AT10M • 

Although tlio discovery of the radio-elements has made it ditlicult til 
define precisely what is to be understood by an cleincnt, it neverth', less stilt 
remains true that those species of matter kno\\n as elements undoTibtedly 
form a distinct group of substances and that the radio-elements thi^riiiUi, 
radium, and uranium, which find places in the IVriodie ''Piibh', bc'long to that 
group. There is, therefore, no logical reason for denying the title of element 
to each of the othei^ radio-elements and no apparent reason why all the rad|p<^ 
active elements should not find places in the Periodic/ Table. Since^ however, 
on the disintegration theory all the radio-elements derived from tliorinm or 
uranium must have smaller atomic wciglits thau^ tliormm or ura]iiijni 
respectively, an obvious difficulty arises since tlu'rc are practically no avail- 
able vacant ^daces in the table. 

The names of the radio elements, the symbols iti common use for them, 
an(^ their atomic weights arc given in the following table : — g 


Eloinciit. 


Thorium . 
Mesothoi'imn I , 
Mesoihorium II 
Rarliothonuni 
Thori”jTi X . 
Thorium Kma#aii(»i 
Thorium A 
Thorium B « 
Thorium C 
Thoriimi 0, 

Th(j«'ium 
Uranium 
t?l'anium 
Uranium^Xo* 
Uyunum II 
Ionium .* 
Radium 
Niton . 


THE RADIO-ELEMENTS. 


• 

, *1 Symbol. 

‘1 s 

Atomic 

'Weiglit. 

Element. 

Symbol 

Atomic 

Weight. 

. ' Th 

232 '4 

Rcfliiiin A. . . • 

KaA 

218-0 

. MsThI 

228 4 

r Radium H . • • 

HaB 

214-0 

. ' MsTliII 

228 4 

Radium C . 

RaC 

214-0 

. RaTh 

228-4 

Radium 0, . 

RaC, 

214-0 

. ThX 

224-4 

Radium Co f 

RaC, 

-210-0 

. Thiim 

220-4 

Itadium D . f 9 ^ 

Kal) 

210-0 

. ThA , 

21G-4 

bf^hum E . ■ 

RaE 

,210-0 

9. TliB 

212-4 

Radium P . 

1 Ral-' 

210-0 

. . TliC 

212 4 

Actinium * . • • 

Ac 

(226) 

. ' The, 

‘J12-4 

Radioacliiiiiuii . I 

RaAc 

(226 

. ThT) 

208-4 

Actinium X . , 

Ac.^ 

(222) 

. U 

238 0 

Actinium Emanation . 

Acltm 

(218) 

ux, 

231 0 

Actinium A 

ArA 

(214) 

. nx., 

234 0 

Actinium B 

AcB 

(210) 

. iJif 
. , b> 

234 -0 

Actinium C • . 

Ac( 

(210) 

230-0 

Actinium C| 

AeC] 

(210) 

. Ra • . , 

22' I 4 

j^ctinu^i 1) 

Act) 

(206) 

.• Nt 1 

2-22-4 

• 

• 



i - 

^ 

• 



^ "Geiger and Marsdeii, Proc. /An/. Sue., 19u9, A, 82, 495; (Toiger, , 1910, A, 8^, 
J; Barkla, mi. 1911, Ivi.], 21, G18 ; a tuitlior account of ^n den Breaks 

/pothesis see, in additK/!it5 the previous references to thi^^sect^on, J. 'W.^lSioholson, PAw. 
1914, [vi.], 541, whe/tho ciitieised 


Ifypoth 

Mag., I , , ,, 

summary, see Ch^m 


this*sect^oi 

criticised ... 

'i/c/wrrfJr t913, lO, 270. Sir J. J. Thmnaon has suggested; 


rmmary, see ooc. Ann. neporr, ror vwio, 10, ou iuouini/ii i.., ^ — 

tiat it may pernaps be necessary to divide the elements into ^ y? ^ * 

modified form of Van den Broek’s hypotheus^to each giouf (Sir .T. J. Thuiffson. Atomic 
Theory (Clarendon PreSs, 1914)). 




'■ MODSRjrlifosGAHfe’ 

atomic ^e^ights here givOh are based upon the folVowing asj^umptronk 
(i.) that mafls is conserved in radioactive changes, (ii.) that the atomic weights^- 
of radium .and thorium are 22(r0 and 232-4 resi^ectively,! (iii.) that the.*; 
expulsionlf an a pat-tide from an atom leaves beliind a new atom of atomic, 
weight 4 units less, (iv.) that the expulsion of if p particle leaves behind an 
atom of the same atomic jyeight as before, and (v.) that the atomic weights 
6f^actinium ^nd radium are equal — an assumption which is open to some 
doubt.2 , ' 

c The mariner in which the radio elements arise from the parent elements 
^ohorium, uranium, and actinium^ is indicated in the following schemes, one 
or two 'of the detailsyof which arq, still (1914) rather dubious : — 

)8 

a 0 a a a a iB a ThD— >end 

^ ^ ^ ^ ^ 

rA->M8TJiI->M3TIiII->RiiTh^ThX->ThKni-»ThA~>TliB->ThC 0 a 

ThCi~>end 

a 0 0 a a a a a 0 a llaC 2 '->eild 

/> /r ^ 

U“^UXj^*^UX 2 “^fJll~^I<)”>Rii”^Nt~?’RfiA— >Ra.B— >Ra(J 0 a 0 0 a 

Si 

# J{a(.\>>ilaD->]UE->RaF->ori(i’ 

a a a a 0 a AcD->end 
Ac*->RaAc-»AcX->AcKni-»AcA->AcB->AcO 0 a 

AcCi->end ' 

With regard to the bnd'products,’it has long been regarded as certain that 
the uranium end-product is Icady and there is direct evidence in favour of 
this view, although the evidence is not conclusive.'^ 

It has been mentioned fii the preceding section that a sfudy of the- radio- 
active trausforrai^Uions shows that, so far as the elements frohi thallium to 
uranium are conccfi-ned, the chargfc on the positive nucleus of the neutral 
atom increases by one unit at a time in passing from one place in the 
Periodic Table to the next— a conclusion in harmony with Van den Brock’s 
Hypothesis.' Suppose, now, that this regularity holds for all 'the ladio- 
elements. It is then easy to assign places in the table to all tilio members, of 
the uranium and thorium series, for the position of a radio-eletpenc will be 
two places, before or one place after that of its parent according to whether 
Its atom is produced from that of its parent by los§,Qf an a or a ^ particle ; 
when this is done the positions' of niCon and radium, defied by the preceding 
^rule, and the known position of uranium, agree withithq^e which \yould be chosen 
from purely chemicrl' reasons. It frequently happens, however, that several 
elements fall into the same place in the table. The remarkable observation ' 
has been made that all the elemqitbs occurring together in the same place in 
the Periodic Table appear to be identical in thdr chemical and many of their 

‘ 1 See Vols._ III. and Fajans, U Radium, 1^3, lO, 171. ^ 

* It is Vtsry Rnprobable that 'actinium is a parent” element, but its 3 )rogenitop is 
hhknown. V. * Gray, Nature, l£d3, 91 , C59, J 
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'p^y$ioal prtperfcies atid cannot bo separated by chemical means. . They a^ 
to be isotopes or to be isotopic with one another. Isotopy Was first 
i recognised by Soddy for radium and mesothoriuin ' 

The positions of the mejnbers of the actinium serie^ may*noW^be deter* 
.mined by finding their isotopes. Whch those ha ve^ thus been found, tho last 
two cows of tho Peripdio Table appear as shown in cMio accompanying table. V* 


Row. 

• 

Group 0. 
A. B. 

Grou]) T, 
A. B. 

Au 

• 

• 

Group II. 
A. B. 

Group III. 
A. B. 

Group IV. 
A. B. 



* 

/ URnd 
[ AcEnd 
Pb 

ThEiid 

HaD 

Thlf 

R,iB 

Grou]) V. 

Bi 

/KifE 
t Ac(; 
TliC 
RaG 

i ■" 

G roup 'if 1, 
A. B. 

> 

/ RaF 

1 AcA 
ThGi 
RaOi 

RaA 

Group VII. 
A. B. 

11 


He: 

T1 

AcT) 

ThD 

RaC'a 

* ) 

• * 

» 


AcEiri 


1 

• 







ThEui 









Nt 

* 

4..c]& 









! ThX S 

* 




v? 




Ra 

Ac 

‘ KiiAc 


♦ 


12 



Msfhl 

MsThll 

Ifam 


t 







lo 

s 








Th 









UXi 

UX, 

Ull 








* “ 

U 



* 

« 

• 




• 

• 

• 



If tho vie^^ hero outlined bo correct, it affords ^convincing evidence that 
the property which defines the position of an element in the l^eriodio Table is ' 
not its atonpc weight, but an electrical property associated witU its atom. 
A group of isotopes is a group of elements tho atoms of which carry the same 
charge on their positive nuclei, i.e. they have the same atomic number ; and 
this result Is f^uite intelligible since tho nuclear charges are only net charges 
indicating in, each case an excess of positive electricity over the* negative 
charges of the electrons con^ied in the nucleus, ^and the different nuclei may* 
contain different numbers of negative electrons. Tb|i cliemical pi’operties of 
thQ»radio-elemen4s,are in h«,rrAor!^ with their positions tho Periodic T^ble . 
indicated in the diagram. • The element UX 2 , for example, fs quite analogous 
to tantalum, its predecessor in Group V (column A) of .the table. ^Siuce this 
eleijient occupies a placg yt the tal/Io by itself* it has Joeen given ^ distinctive 
name, brevium.^ • • * 

The final, stfj]ble,*non-radioaaive elements that result from the disinte^ra- 

1 Sodd;)!;, Trans. Chem. i911, 99 , 72. 

^ Fajans and Gbhring, (hysikai. ^atec/^.,,1913, I4,*877. 
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V- tioo of thorium, uranium, and actinium, are seen to be is/btopio wiMi lead, ' In. 
the cases of thorium and uranium, the atomic weiglits of these end-products are 
calculate^ ‘to bo 20^1 and 206*0 respectively,^ and in order to make these two 
atomic weights equal V'is necessary to change tl^e atomic weiglits of thorium, 
and radium by amounts in^ich greater ‘than their uncertainties appear to bo. 
,The atomic weight of lec.d is 207*20, and the quesjtjon therefore arises 
vfhether ordfinary le^id may not be a mixture of isotopes. In such a case the 
atomic weigl/t of lead would vary with its origin. This was first ^nowii to be 
the case by Soddy and Hyman,^ and their conclusion has been confirmed by 
Several other investigators.^ Idie sources and atomic weights of the various 
preparations of radioactive lcac> that have been examined are detailed in the 
following table : — 


Lead evtr.ictcd from— 

Soddy and 
Hyman 

Kiclifli da and 
Lembert. 

lioiiigHchmid 
and Uorovitz. 

Curie. 

Thorite*(Covl()n) 

Tlionamte (Ceylon) . 

208“4 

20b‘82 



Pitchblende (Joiu ImnHthal) 


200 .57 

206 405 

206-04 

„ (Cornwall) 


200 80 



lIranlnIte(N Carolina) . 

♦ „ » (E. >hica) 


200 40 

21)0 040 


Brflggerite (Norway) 

Carnotite (Colorado) 


206.50 

200 063 

200-36 

Monazite ... 




207 08 

Yttro-tantalltf . 


’’ 1 

»- 

200 54 

(Non-radioactlve source) . 

207 -1 

207-15 

207-180 

207-01 * 


Moreover, the lead extracted from carnotite possesses an ultra-violet 
* spectrum identical with that of ordinary lead (Richards and Lembert). In 
no other case has the atomic weight of an element been found to vary with 
its geographical source, although the ||ossibility^<fr variation has been 
recognised ^nd experimental evideij^ce on the ‘subject sought by various 
investigators.*^ Further experinfients in this direction inomise to bo of 
exceptional interest.} , 


Vai.kncy.® 

Introductory.--* A number of elements form hydrides^of l^nown -f:\olecular 
formvilm. ThcT^rmuhe of those^ hydrides in w,hich there is oiilyone atom of 

* Soddy and Ilyaiui, Trnifj, 'Chem. Hoc., 1914, 105 , 1102. * ‘ 

® T. W. Richards and Lembert, J. Ainer. Chein. Hoc,, 1914, 36 , 1329. Honigsehmid 
and Mdlle. i^dorovitz, Compt. re-nd., 1914, 158 , 1796. Monatsli,, 1915, 36 , 3, . 55 . M. Curie;, 
CompL reiid.. 1914, 158 , 1676. „ „ ^ r -l / t a 

> See, e.g. B.ik.-r and Bennett {Tram. Chem. Hoc., 1907, 9L 1849) and Lenher {J. A^mr. 
Chm. Hoc., 1909, 31 , 20 ) on tellmium ; Richards {Proc. Amer. Acad., 1887, 23 , ITO) on 
•copper; Richards {J. Amer. Chem. Hoc., 1902, 24 , 374) on calcium ;Ric^i aids and Wells 
(ibid., 190o, 27 , 459} on silver and sodium ; Baxter and Thorvaldson {loid,^^ 1911, 33 , 

- arrangement of the raiKo-eleiVients in theCcaddic Table as here described is that 

ven by F. S'Oddy, to whose‘ interesting little book, The Chemutry of the Radio ElemenU, 
t'arb 2 (Longmans 1914), the reader is referral fo,r fifll details wndref^ercncestcp the 

literature. The arrangement is due largely to the work of Sa ldy. ^ ajana, Fleck and RusseU, 
and it should be mentioiied that it was not arrived at directly from Van den^Btoel^s 
Hypothesis,* as the text may seem to inJply, and does not stand or fall with that hypothesis. 

* For further inforra^itioii on the subject of Valency thau^au be given here, the read'ir is 

referred to Friend, Theory of Valency fLongmansVk Co., f ^O^) ; Hiurichsen, den 

gegenwdrtigen Htand der Valenzlehre (Ahrrti’s Sammlung, No. 7, » Morley and 

Mtfir’s Dietmary of Chemistry, articles on Equivalency and Isomerism ; and the chaptew on 
Valency in the Htudy of Chmical Compositi on (Cambridge University Tress, 1904) by 
Miss Freund; Muir, History of Chemical pieories and Laws (Wifty A bons, 1907), etc. 
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V the element other tliUn hydrogen in the molecule are given in the following 
table : — 


HF 

H.,0 

II^B 

HCl 

, ii;s 

h;n 

llllr 

H,Se 

ii,p 

.tlL 

lb,Te 

113AS 



H^Sb 


An element M which forniH a hydride of molecular formula Mil,, i« said to» 
have a valenc// of n ; the elements are classified as vni- (or mojoh), hi- (gv di-\ 
ter- (or tri-), (fuadri- (or tetixt) valent, etc.,*according as the value of 7i is 
one, tw'o, throe, four, etc. ; or else they are called monadic, diads, triads, 
teti'oda, etc. Hydrogen forms the standard element, its vAleiicy being taken 
as unity. 

The valencies of tnany elements cannot be determined from the preceding 
definition, owing to the fact that their hydrides are not known. ^ M'he con- 
ception of valency is therefore widened by regarding an element M as having 
a valency of n when it forms a compound with a halogen X of the nu)lcd'*iar 
formula This extension is made in view of the fact that tho halog^ens 

are univalent wdien compared with hydrogen, as seem in the preceding table. 
In the following table the chlorides (and one or two iodides and fluorides) of 
known molecular formiflm are given : — 


OsFs 


* • - ' 

* Molecular /ormuh’^in soluliiui in fu.scd iliCtl., {aide 

t Molecular foriiiula in solution infused The molecul.nr’ fofniula in tlio gaseous 

state is C1I2CI.2. * All oilier formula* in the tahlo arc dciivcii fjom vapour-density 
measuHenientV 

Duly p,fcw elements are excluded from both of the preceding tables. Of 
these, the iuSrt gases form no eompouufls and henc(» exhibit no vj^lency, and 
•the valencioB of the remainingr elements are arrived at by assuming the 
simplest formula) of their lii^itV'S to repre^ieiit ihe moliseular formula) in the 
absence of any definite? evidence on the point. * . 

. • The valency* of ap element, derived in the preceding niarmer, is it)ga«-ded 
as indicating the number of other atoms wdtli which oire atom of the 
element can bo directly, united yi a mole«ule. It is customar)* to indicate 
the valency of an elemci^Mfby a number of strokes rifdia^ing from the symbol 


^ Or, if known„are of unknown molecular weigh'* In |his caeo the sito|)l*st^ormula is 
assumed, e.g. NaH, CaH^, etc, • • 

8 ffliinri-nfl nlilnriiio hi'nnn'np nnd inr1ii>n arft.l,hc lialot'Cll dementi. 


LiCl 

0(;i2 

SrCl./ 


cell 

PF, 

SK. 

NaCl 

OK'lo 


NCIt 

SiCI, 

AsFf, 

Sol'V 

KCl 

CrOlo 

TJdfn..* 

l>c:i3 

Sc('l, 

SI. tv. 

TO'. 

K1 

FcCl, 


AsCl,, 

Ted, 

(JhCls 

wi'4 

llbCl 

ZnClo 

Cod. * ** 

ShCl, 

TK'b 

TaUI, 

\Vh\ 

CsCl 

(laOk 

PdCl..* 

BiCIi 

VCl, 

MoClr, 

MoFij 

C.sl 

SnC!.; 

rt(;i.> 

AlCl. 

CiPb 

wci;' 

PF„ 

InCl 

InUL 

cu(d> 

Cl Cl. 

(♦SiiClj 

# 


TlCl 

llgfl 


FeChj 

ZtCL I 



AgCl 

VhCk 


CaCI, 

IJCl, 1 



Ou('U. 



InCi; 


• 1 

s 

• 



2^4 ■ ^ ' MoDEft/ 

elemenfj and in this way graphic [constitutioml oi-stru^iun^l) 

•are written, as indicated in the following examples ^ 


H-Cl 


Hg< 

' \C 1 


H~N< 

MI 


II 

I 

Il-Si-II. 


The conception *of valency is still further widened. An atom of a diad 
♦element is capable of uniting with another diad atom to form a molecule, an 
'*atom of a tetrad with two diad atoms, and an atom of a hexad. with three 
diad atoms; e.g. ZnO^ CO.^, aryl WO3 respectively. ^ In such substances, 2 
which do not contain monad elements, the elements are still regarded as 
possessing their owlinary valencies and their graphic formulse written 

. . ^ Zn=0 C<^ 0 = W(^ , 

in accordance with this idea. An element with a valency of n is said to 
pCwess n valency bonds or linkages, and in the preceding cases oxygen is 
said to be'Unitod to zinc, carbpn, and tungsten by two valencies,/)!’ two bonds, 
or two U7iits of ajjinitg or else, united by a double bond (or linkage). 

So far, binary compounds alone have been dealt ^with, and only those in 
which one atoin of one element is united with one or more atoms of a setond 
element. It will be seen that the valency of the first element is in these 
compounds given by the “ rule ”r- 


valency = 


atomic weight 


"chemical equivalent ^ - 

since the chemical equivalent of oxygen is chosen as one-half its atomic 
weight, and the hyd^jido of oxygetv is 1120. The preceding rule is frequently 
stated as a definition ^f valency, b'lt^it is only of limited application. 

From what has been alreadj' stated, the meanings attached to formula) 
such, for example, as ^ 


'<0> 

^C1 


nCo 

^^C1 


o=c=s 


Cl_PfCl 

• \ci 




h 

\ci 


• will be sufficij|ntly clear. Various oxides of the types MgOg, MgOj, and ^^2^7 
are regarded shaving the constitutional formulee 


//V 


,-u/^ 


0=M; 




-m/ 


^0 


0 = M; 




0. 

0. 

'’0^ 




be^^xide& of triad, p6ntad, and^eptad eljp.ments respectively. In the case 
of binary compounds, in ^which one element is a hTonad and more than mie 

„»v. — ... — ^ ? ; ^ 

> i ThOtterms diad, tetrad, and hexad are heA employed to denote valepcied derived frottt 
a atu^y of^ydrides or halides. , , * v j. 

' ® In the subsequent discussion molecuhr*’ formulae are often, ascribed Mo subs^n^s 
• altha:|lghthe molecular'weights a^e not known ; c/l, footnote 1 on p. 288. ^ 
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;'at6m of the other **A VaAV JL14V/tV>VV*i.^J *v *0 'assulhea that 

< ^ polyvalent atoms are directly uhited to one another ; e.g, silicon hydtide 
is represented as 

# H H 

» 1,1 

H-Si— Si-II 


containing quadrivalent silicon, since in its hydride Sill^, its halfdesSiX^, and, 
its oxide SiO,„ silica is quadrivalent. With compounds of this type, the “ rule ” 
for deducing valency does not give the accepted result ; c.g. silicon wg<iM bo 
a triad in SioH^, in accordance with this metl/od of deriving the valcTliy,^ 

It is possible to assign a valency to a radicle, or group of atoms that can 
be transferred as a whole from one molecule to another, 'PAe sulphate radicle 
(SO4), for instance, is bivalent, since it combines with two atoms of hydrogen 
to form a molecule ol* sulphuric acid, IToSO^; and the hydroxyl radicle (OHj^ 
is univalent, as it unites with one atom of hydrogen to form water, 

Valency a Variable Property. — From the study of the hydrides th'3 
highest valency ever observed is /o«r, e.g, silicon in SlHj ; fivjin the liali^es 
eighty e.y. osimum in OsF,^ ; and from the oxides eighty e.g. osmi«sm in OsO,^* 

An element may oihibit more than one valency The following list of 
elements of variable vi^lency is constructed from the data sinqilicd by the 
two tables of formula) previously given, and can be extended ny considering 
the valencies dednt%l from the formula) (empirical as a rule) of the oxideg: — 


Element. • 

Valency. 

Element, 

Valency. 

PllOSlillol'US 

\ and 5 

Till 

2 and 4 

Arsenic . 

3 and 5 

Tjiaiuuiii 

i aiirl G 

Antimony 

3 and 5 

Mohjodeiium . 

5 and 0 

lion 

2 and 3 

iWigs^eii . * 

5 and 6 

Clii'omiurn 

2 and 3 

Suljmur . . . 

2 and 6 

Gallium . 

2 and 3 

Selenium 

2, 4, and G 

ladium . 

• 

1, 2, and 3 

Tellurium . ,. j 

• 

2, 4, and 6 

vl ’ 

Si 

s 


It is noteworfhy ho^’ frequently the difibrent Vaiucs for tho valency of an 
element differ by two, or a multiple of two. 

Many a/W-empts have been made to regard the valency of arf atom as. p. 
;^fixed, invariable property, and, on tliis view of valency, to account for its 
,.<fippllreiitl3i variable nature. This part of the subject will not, however, be 
^{fccussed heifi. Most of the attem])ts are simply dialectical, amounting to 
l^tle'more than a restatement of plain, experimental facts in obsciiro and 
iJl^efinod terms ; and in *tE-» absence of n satisfactory hypothesis as to tho 
djl^se and nature of valency, J^hey are of slight valued 
^ V* With some elements !he as.^umption of a single vaVii) for the Valjnoy 
appears to be sufficient, *€.g. calcium, bivalent in its hydride, chloride, and 
oxide.* In regard to thq other elements it is seldonf necessary Iw assume a 
yaKie other than one of “^ose indicated from the ciAupqsitions iff the halideS 
'in, order to arrive* at structujrAl formubc for their compounds. The'^un- 
^ certainty attaching to these formulae* however, must be frankly i^ecagnised. 
For example, leaed appears to be bivalent in FbOL and PbO, and tjHaifri valent 
Jn^PbCl^ and PbOjjW hence is usually regarded as being eith6r a diad 01 
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tetrad in all its coi^ipounds. Accordingly, the oxide Pb^Pg is not regained as 
'^ having the structure (i.) Wow, in which lead is represented as tervalont, but 
is represeryted by (ii.) — 

r # ^,0 r 

Pb( n ' 

. \ ’ /'v 

(i.) ' 0 

' Pl>x^ 

r Vo 


Pb/ Vb-0 (ii.) 

^0"^ If 


Again, on tlio assumption Uiat lutrogcm is tervalent and oxygen bivalent, 
nitrogen peroxide Nj), may be writt(ui 


N--0-0 ' N-0. U-N-0 

II 1 cr 0. I ;0 or j [ | 

«K-0-0 ^N-0' O-N^-0 


A similar in letinitoness attaelu's to tin; constitutions of many other sub- 
stances,^ and the reasons adduced wlicn selecting one of a number of 
alternative formube are often extremely flimsy. As a further example, the 
oxides MoO are not all regarded as oxides of nuivalent elements. The 
fSrfburite views concerning the constitution of mercurous oxide and chlorine 
mdnoxkh'; for^instanco, are those expressed by the formuhe '• 

llg (.’1 

I yO and H O. . 

iiV (;i 

1 

The (litticnltios an<l uneertaiiities encom'*‘"re<l are attributable to the 
impossibility of at present delluing va. ' . 'i^^jjj^uhmte manner, and the 

' absence of a really satisfactory bypotbesi . ^ nature; and in this 

connection it should be mentioned that ' confused with 

chemical alFinity. The term affinity has, , 0 (piently bey|^g ’* 'j^sjcd 

in discussiofis on valency. ^ «■ ^ j is fr'^vb / 

Valency and ^the Period|ic Classifiil^*«/?^f L —Aijflicatior ; 
valencies that an eleJnent apjiea^'s 'i^b exhibit, oik ^ 

express its group number in the Periodic Olassilicatior ..s 

Groups 0 to Vil. are concS^rned ; c,.<j. aluminium, in Gnj )U| ^ lad, and 

tellurium, in Gvd.i])’(^L, is sometimes a hexad.*'* This joarti • Icncy may 
.usually be assunlod in an oxide, and, with tht exception * raluo 7, in 
one at least of tin halides.' 'Thus, the valencies of the memg^’^^ uld appear 
to vary periodically with their atomic weights, as was .od out by 

.Meiideh''.eft'. Taking the elements of the second short sm’ms ample, 

No Na Mg A1 Si P S Cl, 

the valencies, derived fmm the oxide.s, are ' 

0 1 2 d 4 5 «(x 7 . ' , . (A) 

and from tlm halides, , * ' ' ' 

f \ ,.0 1 2 3 t » 5"' fl- -I , . . .(B) 

The hydrogen valencies, how^ever, do not progressively increase, being ip fact, 
o\ 1 -s' 3 r .3 2,, J . . . ^0) 

^ The valeiioies of the elements and the ca istitntional formube 'of their more important 
coinpounds are dealt w.;th in Volumes II. to IX. of this seiies. *' 

“ TheChe']i)t&valeney of fluovine and bromiiie, and the hexavalency of oxygen, however, 
do not seem to he observed. 



I^-is natural to, suppose that the elements of Group VIII. may, on occasibi 
exhibit a valency of eight, particularly now that an octafluorido of osniui 
is^ known ; and osmium and ruthenium are accordingly regarde(j| as octad 
in the oxides OsO^ and RuO^. , Evidence for the octavfyency of Jhe otbe 
transitional elements is, ho\^'ever, lacking. ‘ 

The values for the valencies of the elements derived on the nosnmptioi 
tlfet valency is periodic, arc not always tho values commonly exhibited 
the elements, thallium, lead, bismuth, etc. It is n«»lowortli*y, however 
that tho values thus derived represent, with very few cAceptious (V.y. copper 
gold), the maximum valencies of the elements. Hence it is that althougl 
an element may usually exhibit one particular vahaicy, higher valencies art 
often assumed in order to account for the Aisleiiee of certain compoynds 
Higher valencies than one are, for o\ani])lc, often assumed ip llu' case of th( 
halogens in order to “explain ” the existence of double salts, sucli cojnpuundi 
as ICI3, IFj,, etc., tho assumptions being justified by reference to the I'eriodit 
Classification, which ihdicates a maximum valency of i^even for Hu) halogen's. 

Theory of Valency. — The various tlieories of valency that have bee 
suggested from time to time fall broadly speaking into two groups, iianul 
chemical and 'physicaL The former content themselves wiili postulating\^ 
existence of obtain definite or indefinite attractive forces, and prficced t’o 
discussion of the interyal structures of various molfcvJar chemical (mtities 
whilst physical tlieories concern themselves primarily with yie nature c 
those* attractive forces and the constitution of the afomu. It is* inqHirtant t 
bear this distinctuMi in mind, “because it is tlieii obvious that choryics 
theories of valency do not necessarily stand or fall with tlio physical; on th 
contrary, they may and often do admit of interpretation according to th 
different views on matter that physical science from time to time suggests.”^ 

A. — (U\cm%cal Theories of Valency, ^ 

Abegg’s Theory^ attributes two kiiu^M of vahmey'^of opposite polarit 
to every element, namely normal and Of thc^o the former is th 

m’ore active and corresponds to tlie recognised valency of the elements, whila 
the latter explains their so-called residual afiii/Hies. When its norma 
valencies are {iosltive in character the element jiossesses properties of ; 
metal, whilst the normal valencies of non’^netals are ueg.ftive. The ‘aritli 
metical sum iS)tal of* normal and contra-valcncic’s *for eaoh <']emciit is eight, 
and their relative distribution determines the position of tlie element in th 
■ periods .table. Thus: • * 

^Horizontal groujis 
Typicf.?l elements 
^ I^ormal valencies 
Contra valencies 

I % >1 I* t 

A little consideration ^ill show that this theory atlUrds a rcad^^explanatioi 
for ■association, for, the forfi!iitibin)f molecular compounds iiydi as doubk) silts 
and the like. It also seiVes to exjilain the amphoteric natin’o of mtrbgen 
oarboifj etc., which combine readily with alectroposilu'e hydrogcii and ye 
yiekl very stable compojiT>il« with cvlectrouegaTive oxjigein * 

^ Friend, 2'he TheoAj of Valency /toiigiii.-his & do. St oond Edition, 1915), ]>. 1,70. 
Abegg and nodlander, Zeitsch. anory. i1899, ^ 20 , 453 * , 1§04 


1 2 

•1 5 

6 

7 

Li (d li 

C N 

0 

F 

+ 1 +2 + :i 

+ 4 • -3 

- 2 

- 1 

a 7 - (5 - 5 

-4 4-5 

4-f) 

4-7 


39 . 330 . , , ^ 

* For a uhvbical intprdrptAtimi r>f tliis spp T.o\viq .7 Ampr (Ihrm. Xnr . 19 


I, 762. 



Both ^pi^gel? and Arrhenius ^ have suggested fcfiat jpertain elerftehts 
possess, in addition to their ordinary valencies, neutral afflniiiei (Spiegel) or 
electrical ^mihle valenciee (Arrhenius), which are simply ordinary valehcy 
bonds capable of Iviing utilised in pairs of equal and opposite sign. When 
not in use they neuti'alise each other within U'o atom, and consequently do 
not affect the electrochemical nature of the latter. Friend*^ has still further 
c\eveloped these views anfi applied them to the studyof complex salts lor 
which he suggests cyclic formula) in preference to the co-ordinate^ structures 
of Werner. 

As illustrative of the manner in which the latent or neutral affinities act 
the combination of ammonia with hydrogen chloride may be taken In NHj 
the nitrogen atom is torvalent, and no compound of the type NII^^ appears 
capable of existepce. The maximum free negative valency of nitrogen is 
, thus soon to be three. In ammonium chloride, however, the nitrogen has a 
^valency of five, a pair of latent or neutral affinities having been called out 
by fho' a/lditional atoms of hydrogen and chlorine. Thfis 

♦ " As will b'e seen later, all of these tlu^ories are ca])ablo of an electronic 
interpretation which harmonises them with the most recent views on the 
constitution pf the atom. Two other theories of importance remain to be 
mentioned, namely the crystallographic theory of Barlow and Pop 6 and 
the, co-ordination theory of Werner. The former' has already been 
discussed (pp. 75-78), and its inadequacy has recently been shown by 
Richards^ and by Barker,® the latter having subjqpted it to severe and 
rigid criticism. 

The theory of Werner,® originated ii). 1893, ha^^bocu widely accepted, and 
has proved «yery useful in its applic 9 .tion to the study of complex salts such 
as the metalammimcs. Origimijly two kinds of valency were postulated, 
namely Princi^^al and Auxiliary *r.The former were the ordinary valencies 
of the elements, whilst the latter were additional valency bonds which could 
come into play when thp ordinary valencies cf an element were saturated. 
For example, a^^mKjfiia and hydrogen chloride are saUarated compounds. 
Union to form ammonium chU'ride was supposed to take place by an 
auxiliary valencg, represented by the broken line •- 

H 3 N . . . HCl. 

It has now been concluded, however, that the differences orfgitially 
assumed between principal and auxiliary valencies do not really ex,’ 8 t;^- 
hence the above schemg tacitly assumes that nitrogen has a v»leiicy of four,, 
whilst one hydrogen atom has a valency of two. This is opposed to ou*v 
ordinary conception of valency, although that hi -itself does not necessarily 
prove that .Werner is w-rong, for the recognition of ’ alency bonds at all is ' 

^ Cpiegel, Zeitsch. anorg C/iem., 1902, 29, 365. 1. 

■ ® Arrhenius, Thcoricn (?er Chemic, Leipzig', 1906. 

^ Friend,' 'frans, Ofiem. Soc., 1908,, '93. 260, 1006 ; 1916, ’09, 716. 

* Richards,'/. Amer.^Che'ni. iioc., 1913, 35, 381 ; 1914, l'J86. See Barlow and Topey 

' iW., 1914, 36, 1676, 1694. ' *. 

* • ® Banker, Tram, Ghem. lOl, 2484 ; 1915, 107 , 744. ^ 

^ Weme^ gives a Vlsry coni]>lete account of his views in Neiiere Anscliauungen auf dmt 
Gebiete der tmrganischm-C'lieni^'e, Bninswicy, 0 913. ' , 

' \ ’ Werner, Ber., 1813, 46 , 8674. Dubsky, J. prakl. Chem., 1914, [ii.], 90 , 61. . I 
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aamittedly an arhiti^iry assumption. Tho formula, howevor, Has notliiiig in 
particular to recommend it, whilst many objections may be laisod against it. 

Werners theory, however, ■ii'ord''’ a useful method of e].asijif\ i/itr complex 
salts, and to it we owe tlie di , •every (>f the asymeu'f riccobal^ From 

this point of view it is discussed ii*. \'olume J\. in conneetion with the 
metalammines. * 

/>. — 'rheon'es of Valency.* * 

A tlioorv attempting to exjilain the actual cause of valtmcy must olF^ 
necessity be influenced by the views ludd at the lime of its pionuilgetien on 
the constitution of matter in genei’al and on the stnictuie of the atom in 
partimilai-. When atoms wm'o ren.-u'ded as hard, impeneti.djle spheios the 
suggestion that they po.ss(‘ss(‘d hooks enabling themtoclmg to (an*h other 
was a perfectly rea.sonable one. Such an hvpotlu'sis, hone\er, is ('ii(ii-(dy out 
of the (piestion if modern conceptions of the electrical nature of cheyilcei 
forces are accepted. * • • 

Tho close connection betweim electricity and chemical allinity has been 
made the subject of observation for very many >c^ars; Itoth Davy’^'ud 
Lerzelius* regarded clMunical comliinalion as ('ssent lally a,n electrical phejio- 
menon. llloiTistrand in ISO!) drew attention to the fact that the smallest 
number of valency bonds is pos.si'ssed by those elcnn'iits v, Inch exhibit the 
most decid(‘d electrochemical character. 'i'hiis the alkali n*‘t;ds and the 
halogens are highly electropositive and neuative respectively, and their 
valency is unity, ri.arbon, on the (^her hand, is amphoteric, and its valtmcy 
is four. 

Helinholt/J in lSt;^l again drc'w attrition to the electriiad nature of 
chemical lorce Thg laws of eh'ct ndysis ( Fa-iaday’s Laws, p 20 ’J) naturally 
suggest that electricil^ i.f^of an ‘•atomic ’’ natuK', since Ultf atom of ati 
elenicnU ot vaJency n mu.''t he supposed to e.ariy n times tlu^ ipiaiitity of 
eloetricitv that a univalent atom carries .V^eoidmgto Ib^mliolt/, each “unit 
of allinity ’ that an atom is Naid to pos‘vCN^ -n* yn'sents a f^liaigc' of what might 
b« termed one “atom of eicctrieitv,” ])ositiv( or negative as the ease may be. 

Siime Helmholtz propoundi'd Ins views the elctdrical thisjry of valency 
has reccifed ^11 flicre.ismg amount of atUmt io'* .Tccolk^mg to modern 
physical theory, the “;ifom‘* of eh'ctriciti^” .are capable existing •apart 
from matter, 4lie “cAtliode rays ” shot off fiom fh* cathodic when an electric 
current is ])assed through a lari'lied gas consisting of stri'ams of these 
electriijaJ aUims or elrcfroi('<. ;\n electron is a neyafive eleclrif.il charge, 
identical with the ehaygc as.socialed in electrolysis with the atom of a 
uni\flilent (^eetronegative element, c.y. ehlorine. 

The inodefn view of the stna'liire of tho atom 1ms already h(*cn briefly 
(futlifted (]). *i7()). An atom is regarded as consisting of a positively charged 
nucleus surrounded by the ryijyisite iinmWir oti» iieg-.itiAC eh'etrt^is to render 
the atom electrically fieutra]^. Some of these elecfions are mobile. Most 


j r)»vy, PM. Trans., 1807,97, b • f 

^ Berzelius, Lelu-buch der MjjMinie (Ifresden, 2 im«edii., 1327), iii., Part I. See this 
voliflne, j). 193. • ^ * 

3 Blomstrand, Chem^e der JeUzeii^W^ i.j>. ?17, LM 3 . 

* Helmholtz, T^am. Chnn. Soc ,1881, 39 , 277. 

* Sec, e.g., Lodgg, Modern Views (m ^fafter. The Ivt>m:in<’!^Leoture7l903 1904, 

70 , 176; P. F. •BTaiikland, Nature, 1904, ^23, and the references cited i» succeeding 

footnotes. 
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scientists wh(5 have discussed tlie subject follow tile ^view propounded bjr 
'' J. J. Thomson in 1004, namely, tliat mobile electrons may be detached from 
one atom l^nd transferred to another. On this view, a positive (or negative) 
ion is air atom tliot luis lost (or gained) o?*e or more electrons ; whilst the 
dilfcroiit valencies of “the elements apd tiunr eliemical and electrochemical 
characters depend upon tbe maniu'r in which the stiibihlic'-s of the electron 
systems constituting their neutral atoms are atVected l5y the loss or gain "of 
electrons, (.pmbimftion between atoms ve})reseiits a transference of electrons 
^from some atoms to others. For eacli valency bond established between two 
atoms ,the transfereiu'c of one ideetron takes plae,e, the losing atom acijniring 
a unit positive charge and llie receiving atom a unit negative charge of 
electncity.^ 

The preciaimn’ electronic conee})lion of valency gives a satisfactory 
explanation of highly reactive compounds, c.//. many inorganic componnds, 
,but ^difficulties are encounti'i’cd in apjilying it to most organic compounds.*'^ 
MoreoVG'-, since the inception of the pn-ceding theory of valency the 
developments of physical science liave led to the conclusion that it cannot 
be of universal validity, since it necessitates the atoms in a molecule being 
positively or negatively (;iiarged, and there is clear evidence that in certain 
molecules thfe atoms arc electrically neutral.^ Tn part, thi’s evidence is 
supplied by Thomson’s “positive ray” method of analysis,'^ and Thomson has 
changed his opinion regarding the meclcuiism of the iirttruction between atoms. 
He now considers''’ that tlie ('lectrical forces which keep the atoms in a 
mol'icule together are due not to some atoms being charged positively and 
others negatively, hut to the (lisjtlacemeiit of the posilne nud negative 
’electricity in each atom. Eacli atom tiius acts like an electrical doublet, and 
attracts another atom in mucli tin* same way that two magnets attract each 
other. As in the earlier theory, m(»bih‘, electroi s itr?; supposed to e.\ist in 
atoms, hut, 'in cliemical eombiuatiou .between atoms, the elections belonging 
to a particular atoiTi are held by such constraints that, although they move 
from their normal positions, it iVt^ie exception and not the rule for them to 
leave the atom and transfer tiiemselves (o another atom (or atoms). The 
numlier of mobile electro is in tlie neutral atom of an element is supposed to 
be identical w'i|,lf th^' number of the vertical group in tlW }V'’iod{'\5’ Table in 
which the eleineiti finds a jilacc.'^ Thus, hydrogen and the alkali metals in 
the first group possess on<^ {Such electron, and so on. ' 

A mobile electron in an uncombined atom is connected to the nnclens'by 
a tube of force. Wlion combination takes place with a second atom this 
tube of force is regarded by Thomson as becoming anchored on to the nucleus 


^ J. J. Tiiomsori, J*/ril. 1904, fvi.], y, 237 ; 190G, [vi.], iij 769 ; Electricity av^ 
(Constable, 1904) ; The Corpuscular Theory of Mejilpr (Constable, 1907). Ramsay, 
Trans. Chevi.,^oc., 1908, 93 , 778,'' Falk and NolsonoAy/mcr. Ohem. >Soc., 1910,32, 1637 ( 
Falk, ibid., 1911, 33 , 114(1; 1912, 34 , 1041; Nelson, Ilean.sfand Falk, '(bid., 1913, 35 , 
; Falk and Nelsen, ibid., 1914, 36 , 209; 19? 5, 37>®‘^74. Fry, ibid., 1908, 30 , “84 ; 
1912? 34 , 664 ; 1914,36, 248, 262, 1035 ; 1915, 37 , 855 ; Eeitsek. physical. Chem., 1911, 
76 , 385, 398, 591 ; 1912, 80 , 29 ; 1913, 82 , 665. Guthrie, J. Hoy. So. N.S. WaUs, 1912, 
45 , 318. W'. A. Noyes, J. Amcr. Soc., 1913, 35 , 767, 

^ See, e.g ,''the criticism Of the tlieory by Brunei, J. ATlfl.i €kcm. Soc., 1916, 37 , 709. 

For a summary of the phy.sical ohjecthms to'i,he theory, see Bates, J. Amcr. Chem, 
Soc„ 19H, 36 , 789. « ' ' 

J. J. 'j^homson,^/ia?/s of Positire Eledricity (Longmans & Co., 1913) ; PkiL Mag,, 
1907, [vi.], 13 , f.61 ; 1909, 187 821 ; 1910, 20 ^ 752; 1911, 2 l, 225 ; 1912, ? 4 , 209, 668 . 

® Sir J, J. Thomson, Phil. Mag., 1914,.,[vi.], tip, 757. ' 
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or tne socoi^d iilom. *1? both atoms are to remain neutral, deafly the positive, 
end of one mobile electron of the second atom must migrate to the nucleus 
of the first atom. Tims each valency bond is rej'r(\sentod by t^^o tubes of 
force, and when each mobile oiectron in an atom Iujs aijcoiifited for in 
this way the atom is saturated and exerts its maxi^num valency. 

, If these views are accepted, it is p<jssiblo to write vrilency formula) ft-v 
many molecules when it is impossil)le to do so on tlio ordinary views * 0 ! 
valency, ’^'or example, it is possible to formulate a molecuh^ ll^ ; for if, in 
the accompanying figure, H denotes an atom of hydrogen and the arrow thcj 
direction of a tube of force from an atomic nuchms to an cl(*ctron, it is dear 
that each atom is represented as containing' only one mobile electron, and 
is also electrically neutral since it is the origin of one and the termination of 
another tube of force : — 


\ 

IT< H 

Lewis ^ has outlined an attractive electronic, theory of dicmicid eombVia- 
tion wliich isjii many respects similar to Thomson’s later thesny, but wlflch 
postulates that in chemical combination between two atoms a mobile I'lectron 
may be common to l)ot?h atoms. ^ iMually, reference may be made to the 
valeic.y theory of Stai^, which, since it was published in IflOS, h.as been 
applied with corisidurable success to the interpretation of chemical jilienotn^na.^ 
Stark’s theory, like the theories of Thomson and Jjewis, is electionic in 
character, and also avoids the assumption that electrons are transferred from* 
some atoms to others iA chemical combin.ation. 

’ Lf'wis, J. Amdr, (’firm. iSV.f 11116, 38 , 762; r.f. Lnwis, ibul., 1013, 35 , 18 ; Hray and 

Braiif’li, And., 1913, 35 , 1140. * ' . • 

“ (’oinn.iro l.lio eJcctronic thoory dovelojicd Im' Av.seni, J. Amer Chem. Sur., 1914, 
36 , 1655. • ' . • 

J. Stark, Jdhrh. lladioalhr. EhUrond'., 1908, 5 , ]’2.5. Sea Kngifli, hic Valcnz- 
hyp')th(isr, von J. Etark rom rftrmisrfuni Stand punkf t, 1913), ami I'm a siuaiiiary, 

SCO Mi.s.s A iLalui and*MiS 3 M. E. llohaes, J. Amrr. C/ieiii. Sac., i915,^37, 2611, 
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PART IL— THE INERT GASES. 


CHAPTER I. 

INTRODUCTION. 

The purpose of this Part is to give an account of a re)narta])Io family of 
gaseous eloincnts, sharply characterised and distinguisheil from all f^hcr 
families of eJemenls by their clunuieal inactivity. For this i('as(«i they are 
spoken of generally as^tlie, “inert gases,” or sometimes, by analogy witli gold 
and platinum, as the “ noble gases.” 

•Perusal of the deta*iled history of these gases will reveal liflw very largely 
wo owe our knowlfdge of tliem to the labours ol Sir Wdliam Pamsay and his 
collaborators. Helium was, by many years, the hist to be discovered ; but it 
was then known only as a. substance present in the solar atmo^pher('. Latej;, 
certain observations by Rayleigh on the diuisity of atmospheric nitrogen 
directed attention H* i^^^vendislds pxpenmeiits on air, and a repetition of his 
work lefl to the diseoverf of aigon. A thorough search for new sources 
of this gas led to the furtlier discover^ that certain rai^ niimuals contained 
(pike considerable amounts of helium. 

^ With the perfection of ajiparatus for f he Ibjuefaet ion*of aii by tlie proet-ssof 
self-intensive riifiigei alien, it heiame possible (o lajimu and fiMcLmuallv distil 
ijuantitiv4^)f al iwisfiberie aig<;u , and in the heavi<‘^ fiactious of Jbhis gas 
Ramsay and^Pravers found th<' new inert gas krvptoii >p])li('aliou of the 
same methods to st^l larger i|uantilies of <irg(>T^ h'd to tl* diseovi'rybf neon 
with helium in the lighter fiactions; and of *enon vVifh krypton in the 
heavier fractions. , 

dTib liis^orical sections of tlic Hidiseipu'nt chapter.s, if taki'ii togellier in tlie 
or^cr indicated above, will give some idea of a story as interesting, ];)erliaps, 
as any tbflt ^an be found in elieniieal literaturi'.^ 

•With the cxeejkion of arg«'n, these gasc's are present in air in extremely 
minute amounts, hence tj»?y are frcapiently spoken of as the “rare gases.” 

It was at lirst swggestAi •that argon* mig^it h^ 5. polymeifc of nitrogen, 
related to that gas jus^; ifs ozone is to oxygen ; and th.il heliiiyi might 
similarly he a pblyRicr i)f hydrogen. Rut a gas of ti!c^ mplecml.nr f(*T^nnla 
Ng would have a density of 21, whereas tlie deiy-dtv of argon is under 
2Q; and a similar di§cpg;af^i'cy is found n^ the case of lieliiipu With the 
discovery of the other gases #)f the gfoup, tin; polvfnerisation theorxj^ was 
finally abandoned.* 

^ See Ram'?^ay, TJie biases of the jftmospJoeif fMaiiinllan k T'o., 190'.?) ; aiidJftloore, Chem, 
News, 1911, 103, 242. • 
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it follows, then, Uiat these gases must be cither c6mpoim(W of known 
^elements— a very unlikely thing in view of their extreme inditlcrence to all 
chemical a‘‘cnt^~or else new elementary substances. Tt is now generally 
believed tkit the lattey alternative is correct, and the positive eviden(;e for 
this belief may be bnetly sommaiised here;— ^ 

^ 1. The int'i't gases givtj very characteristic spectra ,ydii eh, neverthclese, 
show genenv' resemblances. For example, all give dual sjH'ctra. 

2. They are chemically inert (see pp. .‘120, .‘112). ^ 

[ 3. They show genei'al resemblances and gr.idations in })hysical properties 

•such aS'are >.,('('0 in other families or groufis of ehmients. This can lie readily 
seen by referring hi T.ilile 1 , in Avhich the phy.sieal constants of the various 
gases are tabulated. 


Tahmc Id 


, 





< 


_ ] 


lli'iiiim 

Neon. 

j\r'.'on 

Krypton 

Aelioi) 

Niton. 

Oolo ir 

, Vone 

None 

.Vone 

None 

None 

None 

Smell : Taste 

None 


None 




Ratio of isf>. 1 e.'iLs, y 

1 Oa- 

l*n42 

1 6.5 

1 689 

1 COO' 


Weight in giams ol 1 
normal litie . . / 

0 178« 

0 Oooj 

1 781S 

3 70.-j 

5 851 

0 97 

Density ( 0 - 10 ) 

1 ',"10 

b uon 

I'l 0 , 

41 r.U 6 

6.5 -ia 

1115 

Mol. wt - At. wt 4 

4 00 

20 20 

3; 88 

82 C)t 

* 30 2 

2 2/ *4 , 

Thermal cmKlnrUvitv | 
<xia'‘ . 1 

Vi HO 

Kl'J 1 

38 91 

Refriv-tivity : 1 

(m- Dx.lOMorA.'uei 1 
DupeiBioti : ^ 

J4 .25 

<■7 16 

28? 0 

4-’s 74 

705 49 


' Cxlir-^ m Selliiifier [■ ' 

2 425 

.5 187 

0 433 

l()' 68 'l, 

1 “ 212 


equation . . ) 

Critical koui eiaUirc 

' 5* uhs 

(.0 ulis 

I'.O'Oabs j 

ilO" .5 alih 

2s9 Oabs 

.,177' 5 abs 

Ciitieal prc'^.siiie 

1 2’7r>atmo 

aj atmo 

47 '00.HIH10 ' 

t \ 3 .iiino 

.58 2atni<) 

‘ o2.5ntino 

Iloilittg point . 

4 - 5 abs 

J7 1 ab- 

SO'' abs 

1'.2 .lbs 

10, ( 9 .lbs 

211 ,ibs 

Melting-pomt . 



S.3" 4 abs 

[loV alia ' 

1 13 abs 

202 “ ahs 

Vapoiir-jiressiire i.itio >' 



(MliSO 

0 0167 

0’0(.7.5 


Density of liqnni at lioil- | 
ing.I) out . . f j 

' 0 151 


1 4046 

2-155 

3 06 

5 (ajipi-ox ) 

Coniprefisibilitv 1 

Zei 0 

- u 01110.5 

t 0 ('0081 

i -0 00210 

i 1 0 -00690 


Solubility HI wat( r- | 

Absorption co-tft at 0 * / 

1 ( 1 0134 

OUlU 

U 0.561 

0 l'lo7 1 

0 2189 

0 5 

Viscosity, at 0 : | 

C.O.S. umtsxio* ' j 

i ' 1*870 

2 981 

2 102 

2 334 

' 2 107 


Tompeniture cocift ' of ) 
viscosity : Ki'' . ' j 

1 ‘j;{2 

2 ‘y 

283 

.308 

3:w 

y 1 


From th’..s table it will be observed tliat all tliese gasi's are cole urlo'-'., and 
probably all are odourless and tasteless, and that in evm-y case the ratio of 


^ By ro 7 nprcssibilily in this tabic is understood the, cotllickait A’ deliiied in this ''^ol ,, 
Part I,, p, 131 ; it icfcis to 0 " (J. The valius fur helium and neon aie tlie results of direct 
measurements, the otheis have been obtained indirof'tly by compaiing Ouye’s “critical 
constants” equations (Part 1., ]> 135) with Berthelot’s “liiiiiting density” equation 
(Part 1^’1)> ‘^'‘d assuming the nccft'Miry eriticrl data; The molecular and atomic 

weights given are those ootained by the method of entveal ecnstai.ts (Ar, Kr, Xe) or the 
method! of limiting densities (He, Ne). 

By vapour^presmre ratio is meant tlu value of c jii the equation 

T„/T,=T,./'IV-(<T„-T..).** 

where Ta, Ta' are the temperatures (abs.) at wi, ieh tlie'hicrt gas ha^ the vapour pressures 
Pi andp 2 »'®'^^ Tfc and Tv are the temperatures at which methyl alcohol hao the same vapour 
pressures ard respectively. 

For the nokculur vehirilus, mokruhtr <1 mneters, and menu f'ce paths, and also tha 
refractive indves of the'liipiclied gaM-',, see Radmf, Phil. Mag., 1909, [vi,], 17 , 795. 
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tho specific Jieats ap|)roximatcs closely to th*i theoretical valii5 (’I •(167) for a 
monatomic gas. * 

Although the data in some eases arc incomplete, a nnifnjjm j^radatioii'of 
properties is clearly seen in tin* values of the density ai«l niel^'CiiJiir weight, 
the thermal conductivity, t^ie refrackve index lyul clispiuMon, the critical 
tciinperaturo, the boiiuig-point and melting'pomt, tlu; il(Misity of fl.e liquid, ani 
the vapour pressure*ratio. With rel’en'iiee (o the eom|^ressil)i]ity, the soki- 
bility in wat*‘r, the viscosity, and tbe specilic inductive cajiac^ty, it will be 
observed that tlu're is a smulai' gradation of [iroperties, the uniformity of^ 
which is, howi'ver, broken in tbe eas(' of neon. Why this should be s*) is not 
at all obvious, but it may be remarked that t]^c compH'-sibihty, the solubility, 
and the viscosity are known to be dcjiendent upon the attrartion bi'tweoii the 
molecules, and it seems therefore that, whih; from their relMions of their criti- 
cal temperatures one would expect mam t,o be less “ [lerfect ’ than helium, in 
reality it is “ ultrape^fect” at oidinary temjteratures. ^ • 

It will be ('videut from even a casual ulamai at tbi' labh- thatllle simi- 
larities and gradations of jtropertu's mentioned above do iiiidoiditrdly exist, 
but no simple and exact numerical relationship has beey tiaeed This is cpiite 
in accordance with what we observe in other families of eletiK'n^s, but^it, 
nevertheless, represents the grave of a buri<‘d hojie. ^Vhen *aigon and its 
companions were first fftund to have such a simple imdec id ir structure, it was 
thoi^ht that the study «uf their properties might gjxe some clu# to the riddle 
of the periodic tabl^i, but hitherto it has not been possible to tind any mathe- 
matical expression which will enable ns to ealeulati' accurately the valTie of 
even one constant of one gas from the values determined foi others.' 

It has been already* mentioned that the ratio of thi' spiaalie lu'ats iiKlieatGiT 
that each of tbe iMut^ases is moiialomie. IN'rbajis the most eonvineing 
evidence of the trutfi this edncbision is afforded bv tb(“ results of 
J. J. Thomson’s researches on rays of •positive electi ieity." Other evidenco 
bearing on the atomieities of tiu'si' gasi's is ^iveii in the siihseipient chapters.'^ 
It will now bo evident that this famH^ o^ inert gas?s should find a. place 
Tti'The IVriodic (dassdieation, TIk' table as usually written before their dis- 
covery (see Frontispiece, Part 1 , omitting Oroiij) 0 ]^ a])pearefl to be eomph'to, 
except for'^tlfret'Sioiial gaps into wdiicb they could not, ny .ti 4 y possibility, be 
fitted. * • # » 

Now if w?eonsid?r the atomic weights of the* fkst thi;c'(% membms of the 
argon group, it is evident that tiny can find a, place only in the eighth group, 
or by 41ierii;t;lves in a new' group pii'ci'ding Oroup 1. Tbe formerhilternativo 
was strongly upheld in tbe earlier days of tlieir discoveiy,*but the latter 
position w'.'is preferred by the diseovi'ii'rs and is now gemaally accorded to 
these gases. * * 

* Visually tlie jiosilion of^an element in the table can bo justitic'd by re- 
, ferring to its chemical f)eli<iv*onr as compared wifb*tbat of ^neighbouring 
elements ; and it riiighl at fir;jt sight appear that th?s kirn] of reasoiiiiig was 
inapplicable to thvs in^mt rnxses. '•^fliis inertness, how'ever. tiMVirds tlie stVor.^est 
possible justification for pTacing IIkmu in (IroiqiO. as may be* readily seen if 
we remember tliat the abpve table,is only a\;onvemeii^ wav of (^xin-essiiig the 

• * * 1 . _ 

^ Apjn'oximate relaj^ions have discov^oicd ; .soe, c.j/., Loiuig, Chem. JS’ews, rMl, 
103, 71. • , ^ 

Sir J. J Thonvson, Rays of Positive Elcrtrkdy (Ijraigmiui.s k (’n.* 1913).* * ^ 

^ For a ili'i*ussi(»n of the atomicities ot ^ 1 ^ inert gast-s,* see Pb F. Arnislffaig, Science 
Progress, 1913, 7 , 648 , SirO. Lodge, ibiil., 19lg, 8 , 197 ; Jfoddy, ibid,, 1914, 8 , 654. 
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fact that if we pass from lithium througji boron, carbon, ifitrogen, oxygen, and 
"^fluorine to podium, we find in the last element a modified reproduction of the 
properties of the first. Tliis is most conveniently illustrated by one of the 
various spu’al arran^eivonts of the table whicri have been proposed from time 
to time.^ ^ 

^ It is then evident that it is immaterial whether the pew group is placed 
before the first or after tho eighth group ; “ it is in either case a transitional 
group through which we pass froju the extremely electronegative halogens to 
rthc other extreme — the electropositive alkali metals. The characteristics to 
be expected in sneh transitional elements were indicated by .lulius Thomsen 
by a mathematical analogy. The change of periodic functions from + to 
- va'iues can only take place by passage through zero or infinity : the first 
mode is gradual and conxisjmnds to the change of properties observed as we 
pass along a series ; tho second is abrupt and corresponds to the change 
:avol''ed in passing from one series to tho next. » 

According to 'rhomsen, it was probable that the transition from one 
series to the next shouhl take place via, an element, the electrical character 
of y.hieh eorrespimdcd to ± oc, and that the valency of such :in clement 
would be. zerq ; accordingly he supposed that there should be interposed 
between the series a grou}) of elements of zero valency, electrically and 
chemically indifferent. Thomsen, indeed, ])redicted tho discovery of a 
group of sugli elements whose atomic weights should bo 4, *20, 84, 

132, and 212.3 

bt may be mentioned here that a, protest was, at one time, entered against 
altering the periodic table in order to niak(‘ a place for these gascis,"* and it is 
perhaps a trifle (.blhertiaii to devote a se(’tion of a toxtbook on chemistry 
to elements devoid of chemical propeities. No verify dess, tlie relationships 
indicated above provide a sufficient jnstificatiokU for so doing, and indeed 
show that without the inert gases tin. jieriodic system would he mcornpletc. 
In view of Mciid(d6eff"s suggx'stioii that a member of tho grouj) lighter than 
hydrogen might exist, it is {i[)|eropHato to mention hero that a search for 
such a gas in air has proved fruitless ;•'* and also it may be added that if there 
is any other inert gas, of liigli atomic weight present in tl;}5 atmo^foere, the 
amount of that gas must he extremely small in comparison with the amounts 
of krypton and xeaon present.*' ' ' ^ 

The only difficulty tliat. arises in jdacing (iroup 0 between fironp 1. and 
Group VITI. is that it brings argon between chlorine and potassium, an arrange- 
ment which is not in accordance with their atomic weights, as the fefdowing 
table shows ; — 

Jle= 4-00 Li- 6-'»4 ^ 

"F 19-0 Ne- 20-20 Na- 2:b00 > , 

Cl = 35 46 A = 39’88 " K - 39-10 

Bi'= 79*92 . ' Kr- 82*92 F.b= 85*45 

I =126*92 Xe = 130*2 . ^ . Cs =132*81 

Nt = 222*4 ^ 


^ See this volume, Part I. Chap. VIII. 

®,See, e.g , Howe, Chini. News, 1899, 80 , 74, 

J. Thoniben, Zeiiseh. anorg. Chtm., 1896,9, 283.u 1 

f Picoini, ZAitsch, nnorg. Chem., 1899, 19 , 295; Oazzetta, 1899, 2 t-, 169; cf. Martin, 
h-oc. CJat'n.^Su,, 190l', 17 , 269. 

® Coates! Proc. Boy. Soc., 1907, 78 , 479. ' * ^ 

® See Sir J. J. Thuinson, Rays of Pusitii^ Electricity (Longniaiis & Co., 1913), p. lil. 
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It is not posj^ible to espTain why the atomic wei^?ht of argon is*gTeater than 
that of potassium : one can only poiiit^to other similar cases - €,<). iodine and 
tellurium, cobalt and nickel— -and say that in this case, a^ in/those, the 
evidence of chemical relationshij# appears to justify a viokitiori of ,/.he order 
of atomic weights. % • ^ “ 

• In order that Group 0 may bo strictly analogous to the othur groups, it 
should contain a tyj’^ical element and odd and e*en subgroups.. If this is 
really the e.\so, then the only representative of the odd subgrmy) at present 
known is neon. It has been already noted that neon difl'ers in several 
respects from the other known members of the group, . 

Much interest ha.s been aroused by Ih^ diseovery that the u-rays of 
radioactive elements consist of material })articlcs which are atoms of 
helium carrying two atomic cliarges of electricity ; and that niton, the 
tirst product of the disintegration of the i-adium atom, is a member of this 
group. It seems pri^ctieally certain, too, that krypton, tbongh present in, 
the air in most minute accounts, j.s largidy responsible for the s»)ll*ndour 
of the ovrora Ooreo/is. Tliesc matters, and many other interesting points hi 
connection with the rare gases, are dealt \Mtb more ful^' later. 



g.HAI‘TRR IT. 

HELIUM (He). 

^ist, 0 ,ry.- Durinf]; the sohir eclipse visible in India'' on the 18t!' Anjjjust 
18G8, a spectroscope was for the lirst time turned upon the solar chroiiio- 
sphere — the luniinous atniosplicre of gas which surrounds the sun. jhiny 
ol:)^^t^rve^s noticed in the chromospheric spectrum a yeliow' line, sujiposed by 
them to Vo tlu^ D lines of sodium. Janssen pointed out^ thatfthis line dul 
not exactly coincide with tlu' sodium lines D, and 1 ).^, and be pro[)osed to call 
it Dy. Shortly afterwaids, Frankland and liOckyer *Uaime to tlie conclusion 
that this lino't’ould not be attributed to any bnown terrestrial substance,' but 
mus/; be due to a new element existing in the sun To tins hypothetical 
element they gave the name hiutm ((Ir. /yA.(,o 9 , the sun); a name winch was 
, generally accejib'il by astronomers to denote the substance giving l ise to the 
line Dg. As ob.servations accumulated, certain other Ifnes were seen always to 
accompany this line and to vary with if. in intepsrU’,nind they were conse- 
quently attpbiited to the same source, d'he *jhief of those were ATOhG 
X4472, and A3970;,;^ i)g itself l»as AhSTi). 

Until the year 1(S!)5 the oniy reference to the possible existence of 
terrestrial helium is fouml iif a note l>y the astronomer balnheri,^ 
observed that a lava-like product from Vesuvius gave a yellow spectral line 
of wav/)dength A — otiTri, and concluded that it contained Velium. --Lhifortun- 
ately no details'of his method of experiment ari' given, and it is })ossible that 
his oliservation was mistaju'n. Helium is known to occuf in Vesuviari 
minerals,^ but if i^^ not passible to obtain the Indium spectrum from liolium 
minerals qither by heating in the flame or by tin' spark. 

The actual discovery of terrestrial helium wets made by >Sir \V"il]ialn (then 
Professor) Ramsay in the latter part of 181)4 when searching for newv soijrces 
of argon, then recently discovered. While engaged in this iiv^osAigation he 
received a letter from Alier.'^, the eminent mineralogist at that tipie coniiectefl 
with the British Alusenm, in which it was suggeM(?d that it miglit be worth 
while to emmino ceiUyn nfaninitos (variefed of pitch-blende) from which 
HillebpunU had obtained a ga.s which I 19 . hud ♦ supposed to be nitrogen. 
Ramsay eonsi(]erdfl it imju’ohablo that nitrogen ♦could have been obtained 

1 

* .binsscn, domiit^reihi , WGH, 67 . 838 , 

Frankland uiidLockyer, Frof, lion. 18G8, 17 , 91. 

8 Landaiier, Spextrahcmhjse p. l.Ofu , 

^ Pahrueri. Itendicouli E. Accad. di Napoli^ 1881, 20 , 233. ♦ 

VFiutti, jx E<id)i>yi, 191t/, 7 , 142. • 

NaMm.ijid Aiidcilmi, Alii E. fli^rad. Lim'd, 1901, 13 , i. tG 8 . 

^ Hillebrahd, Lull. (LL, UeoL tlurvcy^ASSd, No. 78 , 43. 
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from Its compound^ By tlie niothods llillobmiKi had used, *fiud Ihoiefore 
proceeded tTj re-exjuniuo deveite, one (jf the miiieralH from whidi the supposed , 
“ nitro{j,cii ’’ had been obtained. • 

It vas really a most unl'oi^unate chaitter of aedda'iits Tluitf prevented 
Hillebrand from making thj diheovei^' of helium, de^had tun'i^rmed the 
presence of nitrogen in the clevoite gas in various ways: (a) Iho gas when 
sparked with o\Yg<i?‘ gave nitrous fumes, (/>) iparked with hydrogen in 
presence of hydrochloric acid it gave ammonium chlm^do, Ili"*ideiitit3^ *of 
which was [iroved byconversion into ammonium platiniidiloridc ihid estimation^ 
of platinum in that salt ; (r) when subjected to an eh'ctrical d]schare:e in a* 
vacuum tube tlu' gas gave a strong nitrogen spectrum. Kainsay was’ahle to 
coniii'in the aceuiacy of these results, as lie found about 1 ‘J pei ei'iit. of 
mtiogen lu tlu' Indium from clcveite. 

Hillebrand, writing to Ivamsay after tin' disco\eiy ol* helium laid been 
announced, e\])laiin‘d that he had notici'd that in his cvpeiiiiu'iits the foruia- 
tioii of nitrous fuintis and ainmonia jiroceeded very slowly, and ^thift th8 
spectrum contained many lines not attributable to nitrogen, d'o the first 
phenomenon he attached but little signilieaiiee as he was using only a small 
current. lie was aware that the spectra of gases are* profoundly iiilluefxied 
by changes iff pressure, and iln-refore, though he and his assi^itauly joeulitrly 
suggested that they might he dealing with a new elenu'iit, the matter was 
allowed to drop, and Ij^elium remained uiidiseoveied for another Iim' ^ears, 
Tru\y a gri'at (liscovory narrowly missed i ’ 

Kainsay heateif ])owdi'red clcveite witli dilute sulphuric acid, sjiarke^l the 
result ing gas with oxygen over soda, ri'inoved excess of oxygen with alkaline 
pyrogallate, waslied with water, diicd, and traiisfiuat'd to a vacuum tube* 
The liiiht given liy the jia sage of eh'ctiicitv throueli this tiihe was exaujiued 
visually iu a spectr()si».)fc^ aiougsidr Uiat from a I’liieki'i* tulie containing argon, 
as a eoiu])arisou. It so ha^[)eucd that this second tube, owiiig.to impurities 
contained in the magnesium electrodes, g^ive the spec^ira, of hydrogen and 
nitrogen as well as the argon sjH'etnmi. It was at onei' e\i(leiit that the 
** :lWeite gas contained soiiu' argon and hydrogfn, hut it gave also a brilli.uit line 
in the yellow, nearly, hut not (|uite, coincident witl^ tlu' yellow sodium lines. 

The Cii^len^h of this line was measured )>y (h-o(J\es ^ind jiroved to he 
exactly that of the solar I ), IJiie. It thus Jieeaiiu' known tlftit licimm could 
thenceforwairl be roiinmed among the number of terrestn.-tl ('lenient s ' 

This discovery was ijuickly eonlirmed by^ Cleve- aii’d^by Lockyer, who 
prepy,^'d sample of the new' gas from hruggeiite, and ideniilied in its 
spectrum many lines wdiieh had yirevionsly lieen attributed toju'lium.''^ 

^Boforc^long doubt was east both on the elementary nature of the gas and 
on its identoty with solar helium. I{uiig(' and b^ischeii sliow(;d that the 
'^spectrum lilies of lielinm fc’ll naturally into six senes which were ri'lated to 
one another in sets of thiii'l.^ In each seMhen^ w'as a rrineipal Siries com- 
posed of strong lines, tind two ^liihordinate S<'ries, ciinsisting of'wu'aker lines, 
w^iich converged, to a oiniftno'^ limit. The senes sl.^wed general resem- 
blances to the series*of l^drogen, on the one hand, and to tliiit of lithium on 
the other. Moreover, when the gas was allfiwi'd to sUeam through a porous 
pWg into a Plhcker.tjJbt, the light at first was, green, the Jino A50I6 of 

_ > > » 

» * 1 

* ^ Crookes, Proe. Roy. Soc., 58 , 69. j 

• 2 CoJiipt. ?na/.^ 1895, l5o, BJi'^niul 1212, 3 

’^jockyer, Fruc. Roy. M)c., 1895, 58 , 69. 

• ^ 
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the single line group being equal in intensity to and then gradually 
became yellow as Dg became relalivisly stronger.^ This observation was 
confirmed -by Brauner.^ These investigators therefore concluded that they 
had separa'ted chNveito gas into two componcints : helium of density 2‘2, and 
a lighter""gaN' for whrdi a name, pnrh'linm, \yas actually proposed. This 
view received some supporV from tlic fact that helium from different minerals 
showed considerable varurtions in density (from 2'181'vto 2TH),^ and by 
diffusion thVough p('rous earthenware could bo separated into U^o fractions 
, differing still'inore in density. It was even suggested that there might be 
' two sizes of moleeules in the gas.‘^ 

The homogeneity of helium was subse<]iicntly jirovcd in two ways. 
Travers'^ showed that on passing an electrical discharge through helium 
contained in a vacuum tube with platinum electrodes the pressure fell 
steadily, owing to the ahsoiqitiou of the gas by the finely divided platinum 
deposited on the walls of the tube, and that with this fall in jirossure the 
'bolouY oj the glow changed from orange-yellow, through bright yellow and 
yellowish-green, to green. At this point the tube was allowed to cool, the 
residual gas was pumped out, and tlie tube was heated with a flame in order 
to drive out the gas o&eluded in the platinum. According to the hypothesis 
advanced by PAinge and Paschen, this gas should have eontainod an excess of 
that constituent to which the yellow line of helium was due, but wlieii the 
discharge was again passed tliroiigh the tube it showed exactly the same 
behaviour as'^the original gas. 

Further, Ramsay and Travers*^ conducted aii exhaustive fractional 
diffusion of cleveite gas and found tliat, though it could certainly be 
.-separated into two portions of densities 1-079 and 2*245 respectively, the 
lightpr fraction, which possessed all the properties 'attributed to helium, 
was uncfianf/ed by furtlicr diflusion, while the I'eiificr portion under this 
treatment gave still heavier fractions wliich Vorc ultimately shown by 
spectroscopic observation to contain ‘argon. The uncm-tainty caused by the 
differing densities of , natural helium, was thus satisfactorily removed and the 
elementary nature of the new gas demonstrated. 

At one stage of its history the identity of cleveite gas with solar helium 
was alro open to dorbt as the former gave a yellow litie was un- 

doubtedly double.^ while the SQlar line Ihj had not, at that time, been 
resolved.^ Lator*‘however, both Huggins® and Hale^® showed that the solar 
line was also double. 

During the first year following the discovery of helium— argQp bcjrg the 
only member of the group then known- -its position in tlic periodic classifi- 
cation was matter for mucli discussion,” and oven as late as 1899 Braunn’^'^ 
showed con.siderable ingenuity in devising reasons for considorii g iielium and 

It* .. 

^ Ruiigc and Paschen, Phii [v.], 40 , 297 

a Brauiior, Vhem. Neics, 1896, 74 , 223. Ramsay, Pm. Hoy. Soc., 1896, $ 9 , 325. 

* Ramsay and Collio. Froe. Roy. Soc , 1896, 60 , '2%. ^ 

*^Travei’s, Proc. Rhy. Sue.., 1897, 60 , 449. 

® Ramsay and Travers, Froc. Roy. Soc., 1897, 60 , 206 ; 1898, 62 , 316. 

’ Riuige, -Nature, 1896, 71 , 283. 

» Huggins, Chem. iVews,il895, 283; Belopolsky, Societd Spelt. Ital, Hay 

1894 '* ' ' 

® Huggins, Chem. News, 1895, 72 , 27. 

V* Hale, Astrovom., Na 4 :hrichlen, 189.5, 138 , 227. 

“ See,' r..(^;'Dceley, Chem. News, 1895, 72 , ^97 ; Wilde, Phil. Mag., 189^1, [v.], 40 , 466. 

BraunVr, Ber., 1899, 32 , 708. 
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argon lo bo inert comp^^uuds ullotropic modihcations or Known elements. 
With widei* knowlecfgo of the group. to vvlncii licHum belongs ‘it becomes, 
however, increasingly probable th;it the commonly accejiled viowfj as to its ’ 
elementary nature and position in the periodic classificatioii ai> coyrect. 

Up to 100.3 the work done^'ori helium consi.stcd i|i.i>ily iu tlWi detailed 
examination of its properties,’ but in thut year Ibiinsay and Soddy ^ made the 
sdhsational discovery* that this gas was a product of the atomic dismtcgvii' 
tioii of radium. This discovery will be dealt witli nuye fullvidater ; it ds 
merely nec'issary to state here that it has beem shown since that helium is 
also produced iu the disintegration of other radictaetive eleinimts, and tliat j 
the atom of helium is identical with the a jiarticle. 

It has been supposed that helium can l)e>produ(*('d by the pas^ag(^ of an 
electrical discharge through hydrogen (see Neon, p. 32:’)). Sir .1. J. I’licnnson 
has obtained ovidenco by bis positive-ray method of the cominuous evolution 
of helium from salts by the action of cathode rays.- 

After many fruitless attempts to Ii(|iiefy liolium had been mad^i bji 
Olzewski'*^ and Dewar,'* that ditticult task was acc()m})lished m by 

Onnes. 

Occurrence. — Helium, hke many other “rareJ’ elements, is wi«lely 
distributed iw nature, though in most cases it is found only in sipall quantities. 
It is present in the atmo.spliere and in sea- and river-water,^ in the gases 
evolved from many mineral springs, and in most of the ohlor rocks and 
min’orals. It has been 'detected in at least one sample of mcJteorie iron ; it 
exists, as already > mentioned, in the sun ; and spectroscopic observations 
lead to the conclusion that it is present in many other lixed stars and is 
indeed the ehief constituent of the hottest of them.*' The lines of heUun| 
are also seen in the spectra of many nebuhe and nova\ 

I’lie presence of liyljmn^ in the a.tmosphere \va,s detected sjieetroscopically 
first by Kayser at llonn in August and, soon afterwards, by Friedlander 

at Herlin.® Jlamsay, using Dewar’s im’t-liod of separation (vide ivfra), found 
that air contained 0’000()56 per cent, by weight and 0'00040 per cent, by 
, vojume of helium; i.e. about 1 volume (rt’ helrtum in 2.o(/,0()0 volumes of air;^ 
this, however, is obviously a minimum value, and Watson,^** from an analysts 
of the g‘»s scpayitcd from air by (Tiude’s meChod^fz'/dfi Neon, i). 325), 
concludes tlTTi't the amount is more probably of the ordef<>of 1 volume in 
185,000 volumes. ^ * 

Helium has been detected in (ho gases evdlved ?rmii many mineral 
springs. The lollowing is a list of some of the more impoitant : — 

hWe spf'ings at Dois (Cauterets) ; ** .several springs at Wilc^bad (Black 

* diul Soddy, J’roc. Jwi/. Si>r , 11!03, 72 , 204 , 73 , 346. 

’^^SirJ. J. ^fhomsoii, liai/s of Posil.ice Ilkdiicitij (L()ngn.tii)s & Co., 1913), ji. 122; ef. 
■’^lainsay, Nuturc, 1912, 89 , 302 

Olze\v.ski, U'led. Annale't«,^Si\Q, [lii.], 59 , 184; Jkdl. Arad. Hc,i. Cracow, 1905, 407 ; 
Aim, Chim. Phys., 1906, 4 . vni.], if, lo9. * * 0 * 

Dewar, 2'rans. Chem. 73 , .533, Cowyt. rend., 1904, I 3 Q. 421. See also 

Travers, Sentor, and’Jaijuerod, Ddl 1903, A, 200 , 131. e* 

* Troost and Ouviard, Coffipt. rend., 189.5, 121 , 394. 

® Cockyer, Froc. Roy. Soc , 1898, 62 , 62. , 

^ Kayser, Chem. Atm', 189/% 72 , 89? • 

® Friedlandpr, Zeitsch. p/tysikal. (^icvi., 1896, 19 , 657. 

* Ramsay, Proc. J^y. Son., 190.'% A, 763 III ; 1908, A, 80 , 599. 

Watson, Trails. Chem. ,Soc., 1910, 97 , 810, 

** Ramsay andffraveis. Proc. Roy. Hoc., 1896, 66 , 442 ; Uouchiid, rmd ,1896, 

121 , 392. « 
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Foroht):^ Ivii/llit rc (l*_yrencos) ; - liii<:;nok's doS’Onu! Monte Jrone (Abano) 
^ and ('a^oilo and Tini mfjiom- (L:u’def;vll(), Tuscany) ; ^Vlazirrcs* Cote (fOr, 
and many otlicr Kprin;j:s ; ■* the Bath springs.-'' 

The 'at Miiziercs cojitain 5 d per cent, of helium, and might well 
serve as a^'snercc of tl^j^ gas. 

Cady and Macl^’arland have made a minute examination of a large 
fiumher of samples (47) of i natural gas from ditlerent locali^yies in Kansas, U.S.A., 
e^'jK'cially \filh ndea'iiee to the amounts of lielinm contained in them. Some 
^ helmm was '■■found in all hut two samples, and the proportion present, 
' in gemual, increased with increasing amounts of nitrogen and decreased with 
ineroas'e in tlu' amount of paralhns. It is [lossihle to trace lines of a[)proxi- 
mately equal content of helium'iand paratlins, and it is found that these run 
across tlie State from N.K. to S W., and show a general correspondence with 
the lines of tiutcrdp of the various geological strata. In four of the .samples 
the amount of helium was over 1 per cent, by volume: — 

<>• •» 1} 


* Dexter, Cowley County, 
Ih'xter, Gn'cnwell Well, 
Kureka, Ncuy I'keld, 
,Pureka, Town Sujiply, 


D84 per cent. 

ITet „ 

1 -oO „ 

i-r^o 


It lias been found that about 0'17 per cent, bj volume of helium is 
contained in^the inllammable gas which has for m^ny years blown frpin a 
hole in the c.irnalhte bed in the underground workings at ]ieo})aldshall 
(Stawfurt) ' Similarly, both b< hum anti argon have neon found in gas 
blown otr from tlie rock-salt at Karlsliad ^ lieliiim \arving in amount from 
"0141 per cent, to •()(.) 1 t per c«‘nt oi-eiirs in the natnj-al gast's of Kissarmfis 
(Hungary), IVehelbronn, Weis (Austria), and Nenengamme (Hamburg); 
the gas from a (hnq) well boring in Alsaet" eontaine’d per cent of helium.^ 
It lias bft'ti ealciilaled by I )r .lobgstone Stoney that a gas having the 
low density of helfbm eoiiltl mt! b(> retaint'd jiermanently liy a planet of 
the earth's mass; it « eems pioluhlu that the eonstaiiey of the proportion of 
helium in tlie atinospheu* is due to a halanee between two factors -the fncTs 
of helium into space aiah its continual emission from souri'cs such as those 
mentio'iicd It jw s bt'en calculated that nine of the mineral ivy’TTTgs investi- 
gated <give off in the aggregate alnut 12,000 litres of the gas annually.^ ^ 
Helium is ju'o^sent, nsivdl'y alom*, but in some cases arwompaihed by argon, 
ill a large nnmhor of minerals and rocks, and a consideiahJe body of evidence 
has been ae' Him ulated which mdieates that its presence is to be asephed to 
the disinti'gratf'on of railioactive material that is or has been cnnt.ninod in 


^ Kaysrr', C/icm. AVa-s, I'sOt, 72, S9. 

2 Houchard, ioc. cit. 

® Bouc-liurd and Des^ue/., CohipL rnirl^, ISOG, 123, D'p.* ’ 

* Mourcu, €impt. /oa/. ,^189.5 ,*'121, 819; 1901,^39, 862;tl9U6, 142, ]lf>5; Moureu 
and Hiqu-ud, 7bt(l., 1908, 143, 795, ♦ ' 

’^'Ramsay, /Voc. /D/,. aS’oc., 1896, 60, 56. St-o also I’esoiitlorfer* OLf. 71 ). Zf’it., 1905, 29, 
359 ; Trytz and Tnorkeisbohn, Vh'm. Zeatr., 1905, (n ], 1570 ; Ewm, ibitl, 1906, [i.l, 1319. 
® Cady aqd M 'Fdrland,'<J. Amer. Soc., I9^i7, 29, 1523. 

^ Erdmann^ J7cr., 1910, 43, 777. ‘ * «' 

^ Pesfiidorfer, Chem. 190.5, 29, 3^9. i 

Czakd, Zfitsch, anunj. Cltcm., 191:3, 82,, 249. For heliimi ii coal mine ga.ses, .see 
Moureu and Lepupe, (jJowpL lOuL, 1914, 158, 598. - 

StojKoy, ilhnii. lieus, 189j5, 71 , v;7. 

Monie« and Kiquard, Compt. rciui., 190^, 146 , 435. 
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thc' 9 o substances, fhefe is reason to believe that the holiiirti*in natural 
gas is mainly “fossil,” and not of receipt formatioj) ^ 

The most important helium minerals are; et'-'-eito and cither 'species of 
pitch l)lende, moimite, fergustunte, broggerite, .s<uiiarskiic, thori^nite, and 
euxemle." Other minerals ki which helium has Jl)eoi1 found are: Naogite, 
yttrotantalite, annerodile, thalemte, mal.icone, caniotite, beryl, tobernit", 
wolilerite, jiyrochloiV:, polyerase, trogerit*', xeiK^time,, gunimit/', thorite- 
orangeite, i.iol)ite columbite, sphene, rutile, and /neon ; also in Jlie Stassfurt 
minerals, sylvim*, earnallite, kieserite, and rock salt, in native fiismnth 
(Saxony),’^ and in her} Ilium mimu'als.* 

The evi.'iteneii of Indium in a meteorite (^•om Augusta Ooiinty, N'ii’ginia, 
U.8 A.) atlords additional evidence in favour of the conclusion that the 
eleny'iit is wicUdy distributed throughout our solar system.-^* 

The chief availahle sources of helium are the air, certain 
minerals, and a fe\^ mimu-al springs. Originally the cheapest Wi^y oEi 
preparing ludium was, undonhti'dly, hy heating a suitable miiu^Al, e.g. 
moiia/ite sand or eleveite, either alone, or uith dilute sulphuric acid. 

ddie apparatus used for the prepaiation of heliipn according to Xhis 
method may Jie of the hirm dejiK'tcd in lig. 79. 'I'lie liiiely powdered minoTal 
is placed ill the iron tube T, which is Incited to redness in a siirtahle furnace. 
The open end of this tilhe is tittial with a nihher stojipcr carrying a single 
delivery tilin', and the *mall water-jacket W cools the end of ^he tube that 
projects from the tjirnace and protects the rubber coimectioii from injury, 
ddie I'vohcd gas is fn'cd from water and carbon dioxide by })assagi) over 
solid jiotash in the vessel 1> and is finally collected in a reservoir R filled, 
with mercury or stioif*’ potash solution accoiding as the amount of gas 
dealt uith is simdl or laive^ d’he tyhe 1‘ connects with a Toplor [mmp, and 
the open manometer M indirati's fbe pn'ssnre within the a])paratus. 

In CMiTMiig out an I'xperiment tluw mineral is iiitrodueed into the iron 
tube and the whole apparatus is <'V;(('iiati'(t. On heating the tube a slow 
^evolution of gas eommeii-es and contAiue'* for maiif hours. Whim the 
pre'^sure within the aj)})aralus heiomes e<pi.il to the atmosj^hcrie pressure 
the gas is eollei;ted iii the resi'rvoir R, until ftie evolution practically 
ceases. R is^uhcimshut olT and the residual gas remove*! frifi^ij the olhfr part 
of the apparatus and trausferped ('ithm* to R*or to another litservoir • 

A modiliiVtion of this nictluxl consists m Inciting ilie mineral in an 
atmospliero of ct?irhoii dioxide (pieparcd from magnesite by heating) and 
collecting thi' gas over potash" It is stated that the best results are ob- 
tained by lieating the mineral to 1000“ - 1200' (I in a porcelaAi tube'." 

^ Ciziki'i, Joe. cd. ; Moiiicu and Lci).i]if. Vumpl. fend., 1912, *155, 197 ; 1911, 158, 8119. 

• Rams.iy, /lor: Hoy /S'ye,, io9G, 59, 329 . ltiuis<iy and 'I’lavois, , 60, 412 , llaniaay, 
Collie, and Ti'av('r.s, Traii>f. Chcfif. .S’oo , 189.9, 67, (>89 ; Ulzowske jUdl. Acad. Sci. (Jeacow, 
1905, p 407. , * * * * . 

J nordas, Campt rend., 1908_i4*, 8% ; Waters, P/n'J. Mag., 190'.', [vi.]. 18, 077, 19, 903 ; 
Thomsen, Zed.sch. p/i^.si^iJ. Cnein , 1?98, 25 112 ; lifiK'dicks, (hoi. 

Upsa/a, 1899, 4, 1 ; l.ango, Zl^dseh. Nidanrois., 1910, 82, 1 , Tsdieinikt J. A’lr ?. (*Jiem. 
Sue., 18!?7, 29, 291 ; Kitchin and Winterson, Tran^ ('hem. Soe9, 1900, 89, 1570; Strutt, 
Pro% Bog. Soe,.. 1908, A gi • 2*8 ; Jh'^i-y, Phil. Mag., 1909, [vi.J, 18, OJS ; I’iutti, ie 
jKarfOim, 1910, 7, 1 10, * * • •A. 

■* I’lutti, A/ti J\. Acgid. Lined, 1913, fv ^ 22, i., 140. • 

® Itainsay, Compf. tend., 189.5, 120, 1019"; tor an analysis of this meteorite, ae%Maljet 
Arier, J. Sci., 187l,«[iii.J, 2, 10. 

® Langlct, Zf^tsch. an^g. Chem., 1895, i(f 4!89. 

^ Sievei'ts and Bergner, Ber., i912, 45, 2576 • 
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Anothci; method which is more expeditious and^^giT’es a be|ter yield is 
to heat the mineral with about its own weight of acid potassium sulphate 
in a hard glas> tube. The mixture is very liable to froth, and the tube 
should no^t be inorQ. than half full. 

Most minerals give the largest yield of hei'um when boiled with dilute 
sfilphuric acid. This operation is best carried out in a round flask of hqvrd 
glass, fitted as in fig. 80.' The rubber stopper 11 fits some way into the 
conical neck , so that a layer of mercury on the top makes all j Jnts tight. 
The upper end of the condenser C can be connected at will either wdth a 
re.servoii' for the evolved gas or with a Topler pump. 

In performing an e.\penment the flask and the contained mineral (which 
mu8t.be finely powdered) are fived from air by introducing successive smal^ 
quantities of waf^er through the funnel ¥ and pumping away the water- 



Fig. 79. 

<• .. 
vapour. l)ilu*^e sulphuric arid (1 ; 8), which has been boiled just previously 
to expel air, etc., is then run in and boiled with the mineral loy abouv; 30 
minutes. When the gas evolved at atmospheric pressure has ucen collected, 
the reservoir is shut off and the residual gas removed from the rest of the 
apparatus tl "’ough the pumpguid ,transferred«,to the reservoir. 

As 100 grams of e/evoite will give ovei\ 500 cf.c, of gas and can be 
obfi^-ined for aboi<\t, 10s., the cost of preparatioil of crude lielium by this 
method w'orks'out at about .£1 per litre, Other 'Vniiierals available for the 
proparatiop of heliunl % this method {i^.. which jield from 1*0 to 1’5 c.c. 
or more of gas pey g.am) are fergu.sonite, san 'iiT.skitc, and monazice ; * 
monazito sand was used by Onnes as, the so.urcc of the large quantities of 
helium.-reipiired for his researches upon its liipiefaction. 

^ Ramsay and Travers, Proc. Jifcy. Soc.^ 1896, <5o, 442 ; 1897, 62 , 326. 
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ui mu uy^uFAi Huuruea of helium mentioned above yi«l^ the gas in 
sufficient qii?intity to afford a useful siipply of it. The chief of these are the ^ 
springs of Bath and Maziercs, the Tini wjjioiu at Larderello, apd fclfe natural 
gas wells of I )extor. The device jllnstrated in lig. 8] has been used by Bamsay 
in collecting the gas from miyeral springs. The tin vetsef V is provided with 
tans above and below (B, 0), and both it and the ifibo A are fust coniple.te'ly 
filled with water. Of i bringing the funnel attached to the tube A o\er the 
stream of gas rising through the water, and opening the taps B*and C, tRo 
gas passes into V, while the displaced w'ater flows bark into the well. 
When gas is seen to issue fi-om the lower end of C tlie vessel is known to be 
full, and the taps are closed. 

excellent method of obtaining heliufti, which would probably ^rove 
comparatively inexpensive where tin; necessary plant is yivailable, is that 



devised by Claude. Tlie apparatus used is described in deti^il niidor Noon 
(p. d25), and consists essentially of a inodiricalioii of the eolmnn used for the 
isolation ot pjirc oxygon and iiitrogi'ii by the frae4-ionation of •lapiid air, 
’•hofeby the most volatile gases are collected apart. 

The fact that helium 4f a product of ^thep’adio-a^tive disintegration of 
certain elements need only be* mentioned here : the ^oint w'lll be dealt with 
more fully under Niton (p? IllTr)),^iid under Iladiuin, Voi. Jll. The identity 
of the helium atom \^Rth t4ie a-particles given oil' during radiif^active clmuge 
may b6 regarded as wxdl established, as U^JtllCl•ford }*as showm that if any 
chcrf-ged particles other#t]Ja;t heliiiRi atoms iiro givep off, their gfirnber does 
not exceed 1/10,000 of the numlfbr of helRim atoms.’ * ^ 

Purificatio».--On account of its* great volatility at verv low ternnera* 

^ Rutherforif, Phil 1914. [vi.], 27,*4?18 ; cf. Nicholson, 1911, [fi.]. 22, 864. 
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tures, heliurm is more easily purified than any othe/ nvp.mber of the gr<j\ip. 
The usual procedure is to remove nHtro^^cn and hydroj^cn, if present, by 
passing the crjido helium over a heated mi.\turc of «piickliine and magnesium 
filings,^ a^'d then oyer red-hot copper oxide.. In the ease of gas from cleveite 
or moiiazite, Svhich eo^Uains no appreciable anuvmt of other imu-t gases, the 
rfesidue from this oj)eration is already fairly fuire helium. Shoidd the gas 
* contain ariaai, as. o/V \n hen obtained from 

' , _ * , „ mineral sprmus, it is necessary ^..o cool it to 

^ a low temperature by means or liqmcl air 

I toiling under reduced pressure : any nitro- 
gen or <irgon present is licpiefied, and helium 
^ can be [mmped oil’. Neon, if present, can 
be removed by cooling the gas with lirpiid 
hydrogen. At this temperature all gases 
are liipiefiod except helium. 

The best method for the purification of 
helium, however, depends on the fact, dis- 
covered by Dewar, that cocoanut charcoal 
at the temperature of liipiid air completely 
absorbs all gases except helium. A suitaltle 
form of apparatuses indicated in fig. 82 . 
The mixed gases are introduced intp the 
a])paratus from a gas-holder, allowed to 
remain in contact witll the cold charcoal 
for half an hour, and the pure helium is 
finally removed through a Topler pump 
and collecti'd in another gas-holder. 

An’itnostigaiiofj of the relative degrees 
of absorptuin of lu-hum, neon, hy<lio^o.'n, and nitrogim by cocoa-nut charcoal 
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at ♦ow tcin|ieraturo^ hfA been made by Claude.^ The results* ai-o given in 
the preceding table, where the eohnfins A give' the volume in c.c. of gas ^ 
absorbed by 100 gm. of charcoal, while the coluinr > 11 give tha corresponding 
gas pressure in mm of mercury.'^ ^ « 

Lcduc states that the aUsorj>tion of h(‘!ium in chRreoal foflows Henry’s 
law, and in this respect, therefore, it dillers from otlu'r gases." * 

From a considoHition of Claude’s figures it \till ht^ evident t hat wlnje 
the metho'I can give a shaip separation of lulmni from l^drogen and 
nitrogen and is, eoiiscsjucnlly, excellent for the purification oi helium^ 
from minerals, it can only separate fielium and neon if used as a*mcthod 
of fraetion.ition. 

Small amounts of helium in a va(;unm tiihe may lx* I'urilu'd by WiKing 
advantage of the fact that the finely dnided platinum d;‘})ositc(l upon the 
walls of the tube by tin* prolonged passage of a discharge can alisorl) helium 
in considerable amount.-* JS'itrogi'ii, argon, etc., remain nnabsorhed, aii(J maji 
1)0 pumped out of the tube, while the helium can then be driven oift* of the 
platinum di'posit by heating tlu* tnlx' with a free flame.' 

Jaquerod and Perrot*'’ notici'd that at a temperaCire of 1100’ C. f^ised 
quartz is pei’iiieahle to helium and hydrogen, hut not to other gas^'s, and upon 



this fact th(‘} based’^i ^beythod for •the purification of lielinmd* Fig, 8.d is a 
diagram of their apparalm* d'ho (juartz hull) 11 is enclo.sed wjLliiii a wide 
platinum tube A into which the impiitc hclniin, mixed with 5 per cent, of 
oxygen, is iiilroduced at a pressure slightly*over 1 atmosphere. The interior 
of.tho bull) having been e\acuated, the (•eiitml part of ^lie platinum tube is 
heated to the pnqier temperatiin', and the helium winch dilluses into the 
bulb is pu'uued aisay into a icseiwoir.' I’he iiu'thod slow, hut is stated to 
give a very pure product. Apparently the success of the ef[«‘riineut fhqiorids 
on the seleition of suitafde .sanqile of*quartz for th# bulb, as TVhitson 
attempted to use the method for the purilieMtiou 1>f lielnifti, hut found that 
the quartz of his apparatus would not allow the passage of more^tlian traces 
of helium af the temperatures employed. 

•Properties. — Helium is a colourless gas, and possesses nbther taste nor 
odour. “ * o , • 

• Thu density of helium has been determined by many investigators ; the 

more important results arw’Cihiilated below 


^ Claude, (hmpt.*rei]^., 1914, 158P86I. 

Lfdnc, Compt. lemd.^ I9l4, 158, 8lf4. 

^ Truest and Ouvranl, Compt. rend., 189.'i, .. 

Travi'i's, Proc. Roy. ]i^97, 6o*449. # • 

6 Jaquerod and Vaivoi,* Compt. ^eiuL, 19(^1, 139, 789^, A^h. sci. phjs juU., 1904, 
[iv.l, 18, 618. . • • * • 

“ Butr/. uudel*Ncou, p. 826. , 

’ Jaquerod and Perrut, Compt. rend., 1907, I4.t’ Sievciis^aw^ Bq^iior, 

5er., 1912, 45,*2r.76. , *• * . • 

s 3oc Kaneay and Travers, Rroe. Ru^. (Sue., •1898, C2, 316. 
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/ Oxygen. \ 

P/eiaht of Normal 



1) 

/ Oxjsofi. X 

1' — 

of Normal 

JJeiisity V =16, J. 

Ldre. 

DensUy\ ~U> /. 
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" 2*011 
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1 -99 '* 

0-1775 giam. • 

1-9792 

0T?7 „ 

2-04® 

0 182 

1-98’ 

' 0-177 ,, 

2-02 8 

0-18Qn „ 

l-985*r 

0-1773 „ 

2 01® 

0-179 

2-00° 

0-1785 „ 

1 995’ 

0-178-2 ,, 



1-9998 

0-17856 ,, 


Theso figures agree very well, and it is probable that the last two results 
arc very close approximations to the true value. 

A study of the relation between the pressure and volume of the gas has 
?jhown tl^at at 0° with pressures varying from 147 mm. td 838 mm. of mercury 
the product is absolutely constant, i.e the compressibility coefficient is 
zero.^ Jaquerod and Scheuer give the compressibility coefficient at 0“ as 
~0‘000(i0 between prcessures of 400 and 800 mm. of mercury.'^* 

. In this respect, therefore, helium behaves as it might be expected to do 
were its critical temperature much higher than it qptually is. It may be 
noted in this connection that when helium and hydrogen are mixed the 
volume of thc'^nixturc is greater than the sum of the original volumes. The 
pv isothermals for helium have been determined over wide' ranges of tempera- 
ture and pressure by Onnes.” 

■ The molecular weight of helium, calculated from Heuse’s value for the 
density according to Berthelot’s method of limiting densities (see this Vob, 
Part I., p. 133), is 4'(X). ' ^ ♦ 

As an example of the extreme lightness of helium it has been observed 
that by passing a stream of jiiire cfirbon dioxide through a porous tube 
sufficient helium difjuses in from the atmos[)lu‘ro to be detected spectro- 
scopically after absorption of th6 carnon dioxide by caustic potash.*'^ * * 

The coefficient of inci;oasc of ])ressuro at constant volume is perfectly 
normal,,^ and at temporatures from O'' to lOO" C. has the vab^ 0‘0036616. 
This value is indv/pendeiit of the original pressure.^'^ 

It was early discovered that helium does not obey (Jraham’s La)-/ of diffusion 

1 Laitgb't, Com,']A. ir\uL, 189.'’i, I20, — It iinitioU.blc the 

methods used liy baiiglet for the sepaiatioii of hi hum fimn the ciude cl6vcitc gas could have 
given him a jnire jiioduct, and the accuracy of his figure, is most likely due to a halan ing 
of errors. , , 

2 Ramsay and Travers, V. oc Hoy. Sor., 1898, 62, 316. ^ 

® Ramsay and Travels, P/nl. Trans,, 1901, 197, 47. ^ 

* Schicrloh, cf. reference (2). ' 

® Olzewski, Ann, Physife, iiv. ], 17, 997. « 

® Onnes, Comm. Phys. Lab. Leyden, 1908, No. 108. r 
’^.Wa'tsoii, Trans. G.h^m. Soe., i 910, 97, 810. 

® Heuse, Ber. Tieut. yhysilal. Oes,, 1913, 15, 518. 

® Hurt, Trau5. /hrm/u// , 1910, 6 19. 

Jaquerou and Scliciier, Mem. Soc, yhys nat., 'i908, 3^ 

Onnes, Pme. K. Ak id tVrtnisrh. Ah sterdam, 1907, lO, 44.5, 741 ; Comm. Phys. Lah, 
Lsydtn, 1907, No. 102. Ilolborn and Sehultze Ann. Physik, 1915, {iv.J, 47, 1089. 

Rayleigh, P/iil. Mag., 1901, fvi.J, I, 100. 

Ku^f.eu fi id Randall, Proc. Roy. Sac., 1895, 59, 60. 

Onnes^ Proc. K. Akad. ^H^etensch. AvviCrdam, 1907, 10, 58,9; Travers, Sen ter, and 
Jjaquerod, Proc, Roy. hoc., 1902, 70, 484. 
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ui-gaauB, OL^i ptissefi fhrmigli a porous diaphragm more slowly thtais expressed 
by the law.i Doniian obsorvod lat^r tiiat tlio* rale of eHiision of helium, 
through a small hole in a platinum plate was sIo' xt than oue would expect 
from calculations based on tluf (h'usity, and suggested ^that thfj^aiiomaly is 
probably due to the fact th.*ii at ordinary temperature? helium, Hike hydrogen, 
undergoes a rise in tem})cra,ture on free expansion through a small orifil^e''^ 
(Joulc-Thomson effect). All other known gases, witli the ^xceptionjof hydrogen, 
diffuse more rapidly than is required by calculations based on the assumptions 
of the kinetic gas theory. • 

The of helium in waba- was first determined by ICstreachei,^ who 

found the following values for the al)sor])l ion coellicient ’ O'OlfST at O’o", and 
0*01404 at 50°, with a minimum at 25“. The e\[)erimental iirocedure adopted, 
however, has since been shown to be untrustwortliy Mo^*o im[)ortaiH!e must 
be attaclied to the values obtaim'd by Autropoff,*'’ who found for the absorp- 
tion coefficient the v^lne 0*0151 at 0“, and 0*0226 at 50“, with a minimu^i 
at 10°. The existence of a minimum has its counterjiart in the cas? of other 
inert gases (y.'e.) and of hydrogen. Helium is insoluble in absolute alcohol 
and benzene • 

The of helium was fii-st determiiu'd by Ibiyleigh by measurement 

of the rate of flow of the gas through a i*apillary tulu'. Ife olttained *tho 
value 0 9() (air= 1). f.ater, Sehult/e repeated this delerniination, and found 
tlie«viscosity of heliiim»at 15'' to be 1 OHG times that of an*.' ^ 

Rankine has ^’ecently n'deterinined this constant, using an apparatus 
whicli may be described here, as it is particularly well adapted for use with 
very small amounts of gas, and tlierefore iinds application in investigations on 
the rare gases. It ciiisists of a tube in the form of an elongated H, one side 
of which, A (fig. 84), if^ i\ vc'ry lino capillary tulie, while the other side, B, 
though much wider* insufficiently narrow to allow a pellet of mercury, C, to 
remain intact. The driving pressure ;*e(pii rod to force the gas^ through the 
capillary is supplied by the weight of this pellet of merenry. 4’aps I) and E 
allow the apparatus to be cleaned, eva<*uab^d, and Hll(«l with the gas under 
examination.^ 

The results obtained with this a})[)aratus confirmed SchuU/(‘’s figure.® 
Therefore, \aking the absolute value for the viscosity’’# ol air at* 15 *5 as 
1*805 X 10 MMbS. links,’® it follow#! that the abj^olutc value, of the 
’viscosity o? helium ^t 15° is 1*958 x 10 * !*nits, \vl 14 ch is m fair agree- 

ment wRh thefigure 1*969 x 10 at 15°*5 found experimentally by Tanzler.’i 
•TJlnzlcf also found ./= 2*548 x 10 + at 99’*6 and »/-- 2 699 x 1#) ’ at 1 84“*6. 
Assuming’- that the cliangc of viscosity follows a linear biw.:)f the ty^pe 
== 


’ Ramsay and Collie, Prcm^lioy. >Soc., 18915, 60 , ‘.i06 ; eoniiimed by Hageribach, fried, 
nnalen, 1897, [lii.], 6 ^ 124. * * 

2 Donnan, Phil. Afa{f., 1 1^10,4 v I. 49, 42‘5. 

® Estreicher, Z/^tsci,. pMmkal. 1899, 31 , 176. 

^ Tox, Tramt. Faraday Soc , 1909, 5, 68. 

® Antropotf, Proe. Roy, Sor., 1910, A. 83, 471* 

® Ramsay, Ann. Chiw,. *PIi:$s., 18^, [vn 1 , 13 , ^62. 

’ Schultze, Ann. Pkysit:, 1901, fiv.], 6, 8O14 
® Rankinif /'wc.«Ro;/. Soi*, 1910, A, 8lg, *26.^ 

® Raukino, i9td., p, 516, Ramviii., j-. - 

’’ Tanzleiy Bfir deut physikal. Oes., 1906, 4, 2iii .S'-v- nho Ai$i>g 19^4, 

[iv.], 43 , 123o; Onnet^and Weber, Pror. fC% Akad. fVet^iiSrh, AnisU‘rd.avi, 15, 1396, 
1899. (bile, An7i. Physik, 1910, [iv.| 48, 7S«9. 

Rankine, Proc, Soc., 1910,^A, 84, 181. 
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where r/e and are the values of the viscosity at (9° 'find 0° respectively, f.ne 
value of the temperature coefficient /d Ur helium is 2-32 x 10 ^ 

The thermal conrhictivitif of a gas, according to the kiiu'tic gas theory, is 
given by 1^' in the e(juation ^ 

where t] and are the viscosity and the specific h(‘at;at constant volume 
roopectively, and t io a constant. For helium the value of K >t 0° C. is 
0‘00003386,i 'from wliich it follows that /'= 2'r)07 a value which is in 
^liccordaRce with lioltzmann’s dcvelopmenf of MaxwcH s theory, and therefore 



84 . 


affords evidence 6i the inolecular siiiiplicity of the gas ^ - The thermal 
conductivity , at low pressnn's shows unexplained anouialK's.*'^ ,, 

The refrncllvity of helium was first determined by Uayleigh.'^ 

The method used e(nisisted in passing parallel beams of light from the 
same source through sinplar tubes containing helium and air ' espeetively. 
The pressure of gas in these tubes was varied until a point was reached at 
wliich the retardation of light, as determined by denervation of interference 
bands, w'as the same in both tAbes.'' The ratio of the refractivities is then 
inversely^ as the ratio of the pressures in the, tubes' and, the refractivity of 
air b6ing knovviiy thaVbf lielium may readily be calculated. 

Rayleigh’s figure was hiaccurat;e, but Ramsay and Travers subsequently 


’ Sjjhwarze, Ann, Physrk, 190.3, [iv.], ii^ 3u3. - , 

2 See also Wachsmiitli, Phyaikal. Zntsch,, 1908, 9 , 235; and Vdnklcv. Zeitsch, 
physilal. 1906, 55 , 344, 

^ Sbddj and Berry, Proc. RoyvSoc., 1911. 85 , 81. ^ 

^ Rayleigh' Proc. Roy. Roc , 1896, 59 , 205 



hp:i.ium. j ;n I 

rojicatocl tlie moasnw'irifciit^, and found the rofracdivity of - 1) to l)e 

O' 1 238 times that of air. Tills Lrivesjfor helfuni ^in- value ^ 

4 

/ i -~- i - ooinmi . • / 

r ^ 

The above nuMhod or f^mie moddication of it IfAs 1»een tised by otlier 
observers, the cliiel «>f whose results aie tabulated *1 m‘Iov, ^ 



JPtive Lt'iiijth. 


Ib^nti'lui lilA'i 1 fi). 

(1)2 

Visible S])ee(ium (14") 


. 1 OOOO'flO 


70408 . 


. ] 0000:54000 

(2)-' 

1 5790, 57(50, (.N T 1* ) . 


. I'OilOOllM 

540] 

#' 

1'oooo;;i,v25 


lb559 

. 1 ooo(i:!5 ::!5 , 

(3)^ 

(Hd „ 


1 •aooair.oo 


It has b(‘en the (Mistoni to e\]U’ess the n-fiaetiNe indt'x of a. ^^as by an 
eiiuation of the tyi>e« — ^ . » 

^ (0 

whic/h may be written: • *, 

A i> • • 

<"•) 

*rhe values of the constants in thesi* equations for helium afe as follows 

<r. /j A. 1), * 

(t)5 •(•U0O.J478 li'2 xle^' l-0000.'n78 7':txH»"- 

•oaga.547 2'4.10-'' 

C. and M, (Jutld)w*tsf)n prefei* to emplo) an ecjiiahon of the St'lliheier 
type : - • 

r r 

wfiere is the fiequency <»f the frei' vibration and r; is the iVeipimicy of the 
light for wddeh is to be calculated.' • ^ 

• for heh'hm at X.T.P. the constants in this e(juation ai^’i: — * 

• (■; -2'l2r7G X Kr- : v*' •* x 10^^ 

ddie rji.yto'.sion of helium is e.yliemely small, as may be seen by the small- 
ness o4‘ tlu^constant /> in (‘(jiiation (i.) above, aseoiiqiared with it,? value in the 
case of hvdro:;i‘n or areon (/T -- 1 -3 x 10 for hvdrogen, ainl - b-() x 1 0 
foT argoii). This is perlia'|Ts cli'arer if we eA'press rehitive dis]a'j;sion by the 
forpiula-.- • 

,• 1 _/'i h'. 

, • * - t’ • 

• • • • 

^ Ramsay and Tiavfrs, fk-oc. Roi/ Sin; , 1901, 67, .Oil 
Kclioel .iiid Sclunidt, Bet. ilnit. /i/upthiil. fr'eit., 1908f ^ 207 , im-'lluxl given, ibid, 

1907,5/^1. . . • ■ • 

* '* Hennann, ibid., l't?Sf6, 2II. • 

* Biirtnn, Broc. Uotj. Soe , Jlt08, 80, 390f * 

Biirtnn, Inc.^df * 

^ C. Cuthbert^oji and Metcalfe, Briie. Boy. ^0c.,,l90S, A, 80, 41. 

' G. and 4. (’uthbertson, Proc Uoy. ,S’f#r 1910, A, 83* ir>4. 

^ 0. and M. Cuthbfl-tson, i})id., 1910, A,*^, 15. 



the refracim indices ?or kie Fraunhofer' 
^ W© then have the ihllow'ing va*uea of v:— 

Air =9^S0 
Hydrogen = 65 9 
Helium = 39*9 



iF / llle ipecdfic induriive capacity of helium has been determined by the 
?;il^tro8tatic null-method of Hopkinson and Lebedeff, and has the \v\luo 

„ K- 1-000074 

'kt 0* and 760 ram.^ According to Maxwell’s Law, K should be equal to )^, 
Twhere /Aqj, is the refractive index ror radiations of large wave-length. Extra- 

C Mng from the values for the refractive index for light of various wave- 
igths within the range of the visible spectrum, we find =1*0000375, 


'whence 1 *000075, 

.ft value which agrees well with that given above for K.^ Bouty states 
that the dielectric cohesion^ of helium at 17“ is represented by the number 
16*3 (A = 38; air = 419; H 2 = 205).^ In this connection the extraordinary 
Ipngth of the spark gap in helium may be mentioned. By experiments made 
Widh a vacuum tube of which one electrode was movable, it was found that 
^ttder a certain fixed set of conditions as to potential d’ft’erenco, pressure, '»tc., 
ithft following lengths of spark were obtainable in helium, and in certain 
|i^er gases 

: Oxygen . 

; Air 

’ , Hydrogen 

- , Argon . 

Helium . 

If and V^ir are the sparking potentials in helium and air respectively, 
then the ratio V},e/V„ir is found to diminish with increase of sparking distance 
[i8)and with increase of pre sure (P), while other gases compared with air show 
w incre^.se of sparking potential with increase in 3 and P. 'V/hen Y is plotted 
irj^inst, 8, helium gives straight liirs, while other gases give curves concave to 
£eaxis of 8,^ Tb^ minimnn spark potential in helium .s 184 voits, and the 
kjrresponding pressure is 2*4 mm." 

, ' The of helium is complex, and was found by Runge and P-’^suhen 

contain six series of hues. These fall naturally into two groups in each 

‘ijr ’ * Hoohheini, Ber. deut. ph jsikal. Oes., 1908, 6 , 446. 

Dobiwrdoff, J. Buss. Phys. Chem. Soe., 1909, 41 , 1164. ^ ' 

a gas, at piessurep ems, mercury, is enclosed 'in a suitable insulating vessel 
exposed to t'he iiifluonco of a graUuall> increasing efecvfostatic field of force, it is foun 4 ' 
when the strength of the’ fie’ d reaches a certain valpe, j/ volts i)er cih. say, the gaS , , 
•i^iddenlyhecomes a condv'^tor of electricity. At cont.amt temperal^urc it is found that if 
thkkness of the .gas layer and the value of pare not too snlaJl, 

, v '• v-a+hp, " 

^netsAahd J rre constants The ooo%ient b is cidled ihn d'-'etectric <x>hesion of the ga*i 
i* inyersoly'^proportional to the ab^lute.temj^rature, * . . . ^ 

Oompt, rend., 1907, 145 , *225 ; Anp, Chim. Phjs., lOH, tviii.], 23 , 5 
28 , 646. 

f Wliei^tnddGlarasay) Free. Boy. Soe., 1895, 59 , 257 ; cf. Hattarer/; ITisd. 
jpte, “ Ritte>*, Ann. Physik, 1904, 111* 

^ PAi/, iSoj., 1918, ry, 90, , _ , 


23*0 mm. 

33 0 „ 

39 0 „ 

45*6 „ 
250-300 mm.* 









we have » FyitiCipal iSenee aftd two ishiboixlinate'^ojFes wl^ 
towaM a common iimit.^ t * f ' 

* On© of these groups consists of doublet series, and 'the^ doublet 
which helium was discovered, is, the first in the Principal Series* It is 
lines of this group which chg-ractorise the solar spectrgm'oT holiufn, and 
Spectrum obtained in a vacuum tube under moderately low pressures. 

‘ . The chief line of /he Principal Single Line Sori'^ts is A5016, in the green,, 
is prominemt in the spectrum of helium under very low ^pressure.^ Gener*l^| 
all the lines of helium are visible in the spectrum under any (Jhnditions ; 
the relative intensity of the two groups characterised by and ^."01 6 
spectively can undergo great changes, so that the light emitted by a Vacuunlff 
tube exhibits the following alterations as th^ pressure is reduced^ : — 

1. Orange yellow. 4. Green. , 

2. Bright yellow. 5. Green X-ray vacuum. . 

3. Yeliowi'ili green. 6. Black vaeuuin. 

Lists of the series lines of the spectrum arc given below ^ ; — 


FIRST GROUP. 


Principal 

Scries. 


Diffuse 

Series.* 

Sharp 

Series. 

Principal 

Senes. 

Diffuse * 
Series, 







9 

A = 8888-97 1 


X=.5?I76-211 


\:=7065-77 


A = 2723 -3 

A -3634-52 1 

3888-76 J 


5875-88 


7065-51 


2696-5 

3434-39 / 

3187-98 ) 


4471-851 


4713-39 


2677-1 

3587-54 i 

8187-83 


4471 $6 


4713 17 J 



3587-42 J 

2945-35 1 


40-26-51; 


4121-16 



3554-5 

2945-22 


4026-36 

• 

41‘20-#8 



3530-6 

2829-8-21 


3819-891 


• 8867-77 

1 


3512-6 

2829-16 J 

■ 

3819-75 


3867 G1 



3498-7 

2764-01 


3705-29 ' 

1 

3733-15 1 

1 

« 

3487*8 

2763-91 J 

r 

3705-15 J 

f 

3733-01 J 

f 

• • 

^3479*2 

1 





• 




Sharp 

Series. 


\*:365i2-2d\ 
8662*16 ^ 
3599*69 
8599*45 
8568*26 

3563 ‘IJ 

8636*9 ’ 

3517*5 

8502*5 

3490-8 

3481-6 


• 


SECOND 

GROUP. 

# 

•• 

• 

• 

PHncipal 

Series. 

• 

Dijtise 
• Sei irs 

Sharp 

Scries. 

• 

Principal* 

Series. 

# 

DiffiM 

Sei ies. 

* 

* 

Sharp 

Series. 

. 

;»=5015 78 

A = 6678'1 

A = 7281-8 

A = 3364 7 


A=3878*» 

8965-88 , 

4922-08 

6047-82 

3-296 9 


, 8838-2/ 

.- .8964-84 ' 

4388-11 

4437-73 

3-258-3 ' 


3808*8 / 

' 

3618-89 • 

4143-91 

^ 41G9-12 

3231-3 



3613-78 

• 

i. 

3213-4 

# • 

• • 

• 1' 

8447-7^ 

• 

" 3986-1 

• 



• 


• 

♦ 




— — y- 


— 

»* 

•• 



J Ann. Phylik, 1904, [Iv.], 14 , 118. 

~ . - ry 

19. 

, Crookes, Chem. NMiis, 1895, 72, ^87 

1895, p. 947 ; Eversheini, Zeltsch. mss. 
^10*1:748 : Collie, Pros R >y. 80 c., 1902, 71. 25., Por a baud spectrum 
«i»^»old«t6in, Ber. dent. ’phys^. ti'w., ; Curtis, 

, l|l$i 1^8, foW, 1916, A, Jl. 208, Nich(a8on, ibid:, p. 43i 
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MODKRN INORGANIC GIIKMISTRT. 

• • 

IV/infra-r^d^speotniin of helium has been investipte^ by Paschen.^ ^ 

A series' o^f lines observed 1 ^ Piek^u'iu<x in tlie spectrum of the star ( 
’’Ihippis, and ascribed for many years to hydro^^oii, lias been shown to belong to 
the speetnijn ot'lieliiim by Fowlm*, who has ^Iso observed new lines in this 
series; and^Fi^wler Kas^bserved still another sorites in the lieliiim spectrum, 
beginning with the welbknftwn solar lin'e X KiSli , 

' (.'ollio'’ observed that 41 the presence of mm-enry ^ PI acker tube con- 
taviing heliRin showfd the full spectrum in the capillary porti^J? in 
other parts of the tube gave a spectrum modified in a way which corresponded 
to the clyinge produced l)y change of pressure He suggests th.at a helium 
mercury tube containing a traei; of hydrogen would form a useful spectro- 
scopic standard as it gives a nic^nber of brilliant lines fairly evenly spaced 
througnout the visible spectrum. 

The Dopph^r effect is the change in wave length of light wave duo to 
relative motion in the line of sight of the light source and the observer. 
K a scur^H! of light is approaehing an observi'r with va^oeiiy v, the change 
in wave-1 eiigtli (d\) is given by 

d\jX-vlc 

where c isr tho velocity of light, the wavo-hmgth being diminished; and 
vice verm for a receding source, lintil IhOh, observations of this ell’ect were 
limited to astronomical woMc on spectra, Imt in that4}a‘ar Stark (l]scov(>'’od 
that the DopjilCr efleet could be ol)S(Uvcd with llu' spi'iitra of the “positive 
rays” or “ Kanalstrahleii ” of gases.-'* The discovery is an important one, as 
it promises to throw considerable light upon the ipujstion of the origin of 
sdrios in s})eetra.^' The Doppler effect has been obsep’cd for certain lines 
in the sjiectrnm of helium ' , 

The light of a vacuum tube (a)utainlng ludinm^^is’ I'asily affected by 
electrical v.aves, and this fact, forms the basis of a siiggesled method for 
their detection ^ , 

The Zermem effect Jor helium has been observed by Lobmami.^ When 
tho glowing gas is placed in a nugnetic field ami tlie light issuing at rigfit 
angles to the lines of forces (*\amined with an eclmloii ditlractioii grating, it 
is found |h,\t all tl^c limes bceoine triplets and that the fracUion .r/X'-^, wh(U'(\ 
X is the flistaneo* between the out^dc liiuis of ly triplet and X is tlie moan 
wave-length, is tho^me for^aU lines. Measurements in.-^le wiili Howland* 
grating give similar results Tlu* sinpilest development of Ijirn'iit/'s theory 
of the Zoem:vi clfect loads to the anticipation that a‘/X‘^ should bu the. same 

} Ann. Pfiepik, 1910. fiv. ), 33, 717. { 

I’lckoiiiig, ./.flS9(), 4, 3»)9 ; 1S97, S. J Ib'wlci, Micithhj Notices, 

Astronom. Soc., 1912, 73, 62, Nature^ 1913, 23r(l Octolie^j, p. 232 ;*/*/ii/. Tree, ns., 1914, 
A, 214; Ifohr, Pi.il Ma>/., i91 Ivl], 2§, 1, 176, .S.'.7o; JOfl, [vi ], 27, 500 . 191 5, [vi.], 
30, 394. Evans, ihiiL, 1915, [vyj, 29, 281 St.uk, Ber. (lent. plmpUfcnl. OVs-,, V''’;4, l6, 468. 
Stark and Wendt, yVM/.s’iT-, l<yi 4, [iv.], 43, 9»3. ^ * r ^ ' 

3 CVdlic' lac. e'At. *f * See also Everskeim 'Jfxi.bny. 

® Stark, Phipikat Zeitsch., 1905, 6, 892 ; Ann. Physik, 1906,Tiv.J, 21, 451 ; Stark, 
Fischer, and Kirschbautn, i/,'if/.,^1913, (ivj], 40, 499 ;j42, 241. 

* For .suinm/’i^y, see Sir ,1 TliomsiUi. Hays of Posifive!^ Ffi;rl^inf 1 / (Longmans & Co^, 
1913) ; for leferences to 191^5, see Fulcher, Jd'irh Jiiidi&okh'v.^Ktrkiriniik., lois, 10, 82, 

’ F(f; details, see Dorn, Plnpibd. Zutsrh., 190^, 8, 589 ; Stark, Fis(;her,\uid Kirochhaani, 
loc. cit. Koch, Ann. Vhysik, 1905, [iv. ], 48, 98. ^ 

® lt#rn,^n^ •/V/?/.vt>,*1905, [iy. ], 16,' 784 , . 1 

” Loll man nf.Z'<ny.s'<:A,. Wiss. Photochnn., 19i)S»o, 1 and 41 ; Phyukah Zdlsch., 1908, 9, 145, 
^10 puvvis^ pj-uc. Cumb. Phil <S’oc,,‘1909, 45, ,* ' , 



HELIUM. 


fo%all the littes of a^spc^-.tnim and tlie above experimental feSnlls th(*reforo 
indicate that the helium molecule^ lias vfi ve#y si. i pie structure. This 
conclusion receives sujiport from the fact that i..eicio-y vapour, which is* 
known on (piito other prounds^to be monatomic, shows precisely the same 
relationship.^ * - - 

, Helium is diamaLOietic.- 

' Expennauits on t;i(! uA.s'o? 7 -/m// of cafhfxle rni/n i^i helium ami in other _e;aseR 
have showf that with all gases the absorption iiuueaseff to a m:i*;mmm with 
decreasing velocity of tin' rays. In the case of liydrogiMi (pliis maxnnum 
occurs with much lower velocities and is attaimsl more, sml hmly Ihj^i. hi tht? 
ease of other gasi's, and hehnm exhibits the peculiar behaviour of hydr );;en, 
but in a much exaggerated form • the absolution eurvi' rises but slowly down 
to very sm:ill velocities of the rays and then rises very abrujitly to a 
maximum.^ • 

Numerous experiments have been made to find the raiio of (he (nu) sipecific 
heats (at constant pressuri' ami constant volume). Tins determi^iafeion iS 
important, because from thi'ori'ticiil considerations and from measurements on 
the monatomic vapour of mercury, we Ixdieve th:it in :iuy monatomic gas the 
value of the^ ratio should be |•()f)7.' • 

One of the most convenient irndhods for determining, thi^ (piantity 
depends on the ridati^m bet.weeii the ratio of the speeilic heats (y) and the 
velocity of sound in the gas. 

The velocity v of the propag.ition of sound waves in an elastic medium, 
according to Newfon’s formula, is: 


where K is the coelh •mift of cla'flicity and d the density of the nu'diinn. 
The value of K for a g:«s is the I'l.istieity under .adiabatu*, eompressiori 
(without loss or g:un of lu'at), ami is gieahu’ than the mothermal ehisticity, 
which is nunuu'ieally eipial to the pressure The ratio belwi'eii the two 
els,stieiti('s is cipial to y, thr ratio of iluf spif.ilic heals. 

If, tlnu’cfore, in the gas under in\ esl igation,^/\ is the wave li iigth of a 
l^ound of frecpiency and if the isotlu'rmal elasticity is p ami its density 
d, we have 





whore D is’ the density of the g<is under unit ju\‘^mr('. Writing Aj and Dj 
ff*’ the corresponding (pianlitirs ni anotluu' oas for which llic \a,liic of y, is 
l^iiowii, tfic ,'yave-length of a note of tlic same freijiiciicy it, wulthc given,by 


\i),’ • 


• . . » • * 

As the ratio p>/(l is iimepeii^ent. of t he yiressurb, wc Jy not ri'quiri to know 

the lictua;! pressures and densities of the gases in the lwf> eases, aficl any 
variation of temperature wui bo pillowed hii' in llieV;4m\s of Daiid 1)', though 


^ Clray and vSUwwut, Proct J!<'!J*d<>r., 190:1, 72, 16; V.flgt, K. <Jcs, I Piss, 

(rottiv gen, 19]], f. 7i. * 

Taiizler, Jxv. Phyxik, 1907, [iv |, 24, 001. 

® Robinson, I'kysikul. Z(i(seh.,*]9]0, if. H. 

See this Vol., Part L, p f)7. 
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MODERN INORGANIC CHJCMisrm. 


it is wsual, fol the sake of simplicity, to adopt ti^ s^me tempei’aturo^ in 
each case. ’ * ^ 

f Air, for which y-- I '408, is used jis the standard gas, and the doterniina- 
tion of y for ahy other gas thus resolves itself into a comparison of the 
wavc-lengtts pf tho Styiio sound in air and in the gas. This is usually 
ac^'omplished by a method <lue to Kundt * 

' The particular form of^ apparatus used by Ramsayj Collie, and Travers 
(vvfe infra) is indicatid in fig. 85. ^ 

A long tube T, Avhich may be of narrow bore (2 mm.) is closed at one 
tmd, aiKHhrough this end is sealed a glass rod R, half of which is inside and 
half outside the tube. Some lycopodium powder is distributed along the 
tube, dry air is introduced, and ihe rod ll is sot into longitudinal vibration 
by ruRoing it with a rag wet with alcohol. By moving the clip 0 on the 



Fic. 85. 


thic^v-walled rubber tuning fitted to the open end of T, the length can be 
adjusted till it? resounds to tlui note. The stationary waves thus set up in 
the tube by interference betw('('n the waves incident u^)oii and reflected from 
the ends of the tube are made evident by the disposition of the lycopodfam 
which is swep^ away from the points of greatest movenuiut and lu'aped up 
at the 'nodes. The distance between adjacent nodes — the lialf wave-length — 
is^ determined by diro(;t measurement. Tlio tube is next evacuated and 
filled with the gas under examination and the measurement of wave-length 
repeated. , i * 

Owing to the lightness of helium it is extreyiely difficult to get good 
dust figure^'and thus Ibimsay at firijt found for y the high value 1*8.^ 
Subsequently it was found that in the particular apparatus used, 

for air, X/2*— 19 ’CO mm. • 

while for helium • /\/2-10B5 „ 

Whence, , for hcliun^, • y= TG52 „ , 

This' figure has l^cn confirpied ity oth(?r observers.*'^ c • , 

Scheel and Ilou^e have (tetermined the specific heat of helivm at consta)it 
pressure and^ the ratio of the specific heats at 18’ and - 180", with 'the 
following results : — 

. C,,at,18° . . 4-998; at -180’ . . \ [):U 

yatl8’ . *. TOGO; at - 180“ . . 1,67^ c? ’ ^ 

v 

while Eggert '* /ouud C,,#to be ^practically incU'piuidcnt of the temperature 
between ~ 15° and 150 ' C.^ apd equal to 5 0G5. , * , 

Liquefaction o/*, Helfum, — The failure* of mayiy attempts to liquefy 

, ^ Ramsay, Pror. Koi/. Sor!', 1895, • i, » 

^ 7=1 '652, Ulimsay, 'and Travers^ Trarts. (^tem. *SV., 189.5, 67 , 696; 7 = ! '63, 

helm Geiger, Ber. deut.' p/iysilcal. Ges., 1907|5, 65/ ; 7=«1'67, Liviglrt, i^citsch. ahwrg. 

, Ohcin., 1896, 10, 289. • 

® Silieel'%’id {lease, Si^zurig<ther. K. Akad. fPiss, Berlin^ 1913, p. 44. « 

* Eggerf, A^.n, Physik, 1914, (jiv.], 44 , 646., • , 
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hejjuin suggested Jfs critical temperature must be Teivyiow,* amj from 
the behaviofir of tho gag in a vacuum tube caniic^ted v ith a chilrer>al absorp- 
tion tube Dewar concluded that its boiling point was not higher than* 
6“ absolute.^ * 

Tlie actual liquefaction of *hcliuni was preceded of the 

isothermals doun to the Uhii])eralur6 of lapiid •hyiirogcn,^ from which, 
appeared }mjbable that at low temperatures the .value of K I'ui the Joule* 
Thomson ^hlect (cf. p. 32) would change sign, and thi^. at the temperatiy'- 
of solid hydrogen the expansion of helium from a consuh'iable pressure would 
cause a lowering of temperature sulhci('iit to make a self intensive cooling* 
process successful. That this would be so had lieen jiretlicied by Dewar 

Oniies prepared his helium from monazit^ sand and j.uritied it by Dewar's 
method of fractionation from cold charcoal. The gas was circulated through 
an apparatus in which it was cooled first to the temjieraiure of li([uid air, 
then to 15° absolute by mi'ans of liquid h\drogeii boiling under GO mm. 
pressure, and fiiially*passed tbiough a specially constructed li(jue(i^i\; of thi 
Hanijison type. Thus GO c.c. of li(]uid was obtained in 3 hours from 
300 litivs of gas.^ 

Li(piid helium is a colourless, very mobile liijuid,. Its density is 0154, 
and it is tbfis mneb lighter than any other known solid or luppd , jit is sta.ted 
to have a point of mavimnm density at about 2* ahsolute The ratio of the 
densities of lujuid helium and its vapour at the boiling-point is 11 : 1. 
Calculating from the ‘density by the formula of Lorentz aind T.oreiiz, the 
refractive index isf found to be DOJ.^ lly an ingenious devieo it was, made 
possible to have a clear view of the lupiid that collected in the vacuum- 
jacketed tube of the liquelier, and it was observed that ilie meniscus was 

sharply visible and sft-aigbt : tliis indicates tliat the suifaee tension is very 

small. The boiling-pi^mf is abontt 4*3" aiisolute, llu' critical tenqieraturr is 
5'25‘’ absolute,^ and the cri4ieal jiiessure is 2’2G atmosplu'res. The calculated 
critical volume is ’0027 1 . * ^ 

The following table shows the vapour pressure of lajuid helium at 
tomperatures below its critical temp<'i*alurto‘^ : — 

Absolute temperature . 4'28 4‘‘J7 f)Tt) Jidb .5 22 5*25 

Vapour pressure, mm. . 767 1321) 1520 15G1>,1()()8 1*718 

• • . 

Solid helium has not yet been obtained : etlhr^s to pn»luee it by evaporu- 
tioy of Uie liqind under reduced ]»ressure bavi* failed, altliougli a temperature 
in tln?nei|^ibourbood of 2'r)'' absolute has licon reaeiieiL-' It Bcfuns probable 
tl^at the triple-point pressure of helium is below 10 mm. of lAcreury. 



' See, «.(/* 0]ze\>^ki, Ainialni, [ui.], 59, 184; Bi/ll, Acad,. Sd Cnmw, 

1905, p. 407 ; Ann. Bhysik, ft>0j, fev J, 17. OOl, Chun^ Phn., [vui,], 8, 189 ; 
Dewar, Chem , 1898, 63, 533 , Oiun*s, /Vcc K\Alad IVctevsch. Amderdam, 

f908, 10, 744 ; Travers, Sciit)*r, Und^Iaipieiod, P/id. Trtfnt , 1903, A, 200, 131. 

** Dew'ar, Compt. 1904, 139, 4 31. ^ 

* Onii?s, danvn. Phys. Lab. Leyden, 1907, Ni». I02. * 

^ Dewar, Proc. Roy. Aoc., 1901, 6^ 360. (y.Onnos, IOO8, 77- 

• ® Onnes, Proc. K, AKad. '^Vdensch. hnsicidAm, 190^ ii, lt8 ; Commit, rend,, 1908 , 

147,^21. * • • 

** Oiine.s, CWJh. Hya. Lao. Lei/dcn, Nf>. 119, 

^ Uudorf, /7w|. May., 1909, [vi.], 17, 79.'). 

* Onnes i^rac, K, Akad. WeteHseh. 1911^ 14, 67l. 

* Onnes, Rroc, K. ^kad. Wetensch. Amdlerdem, 1909, 12, 175. 
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MODERN INORGANIC CIIL’MISTRflT. 


I * 

• ( 

liUjuid hoJfimi has heon used as a refrigerating sgeut in tho prosecution 

of low tem[)Vratiirc researehtat ftoyden J ^ 

Chemical Inertness.- Chemists generally accept the view that helium 
and the otljci; niembers of the group are incy-])ahlo of entering into chemical 
combinatic^i, luit It'nav ser\e a })urpose to collect in this place the evidence 
for and against this beli('f.« * , 

' Firstly, it is of interest to know in what state Jielinm exists in the 
minerals wlTicb contain it, and s(',v(!ral investigators have, at diltei^ent times, 
directed tbeii» efforts to the solution of this jiroblcm. At an early dale it 
'vVas sho'^n'-^ that when fergusonitc is lieated to r)()0‘'-bO(F C. it suddenly 
becomes incandescent and evolves a considerable amoiint of gas, which 
consists, as the following analysis shows, cliielly of helium : — 



j Volume of 

Fore III otfc of 


j r.r pfi (tkiio, , 

i 

Totid O'as. 

' Ib'bum 

1 (ISO 

7.^)'.o )ii 1 cent 

1 llylrogen , 

0 078 

f) 17 

1 ('. 11 1)011 dit'xuic 

0-Jl.o 

I7il „ • 

NArogen 

0 027 

1 88 ! 

#■ 

Total . 

9 

1-no 

99-29 {)ei i cut 1 

— - — - - ' 


The weight of helium evolved is O'OIVib pi'r cent, of the weight of the 
irfiiieral, 

Fergusonitc is a niobati' of yttrium containing sovie uranium ; it oeeiirs 
in felspar and mi(%a deposits, but it is doub'uful wbetliei* it is of igneous origin 
or is deposited by water. It is macio crystalline, 'Imt undi'i’ the mievoscopo 
shows no trace of erystalUne strue|;ure,'and appears to bo hoinogeneoiis and 
free from cavities. F>y beating the mineral with a hydrogen tlame burning 
in o.xygen in a spi'cially constructed ealorimider, it has been shown that the 
heat evolved during llic chyiige is cal. per gram ; moreovm-, the evolution 
of helium is aceompan» ‘d by an increase of volume (a decrease might, eon-, 
ceivably, account' tor part of the Jieatiiig). A i^imilar liberation of helium 
with evolution of li^llit and Jie.at has been noticed in the' ease of d sample of. 
fluorspar containing lluoridcs of cerium and yttrium.^ 

Travers lyis pointed out, however, tliat many minerals wliicli ronta’ii' no 
helium exhibit a similar ineandi'seeiiee on beating, and this fact rather 
discounts the signifi(;ancc of the foregoing observations. „ ‘ 

‘ Another fact which ipight be considered to point to the f.\i^it,etico 
compounds of helium in minerals is that the gas is com)ilet<'ly (‘limiiuuea 
from samarskit/' by beatjng in earbpn dioxide, ,^bi^t vmly paitially by heating 
in hydrogen. A similar phenomenon has been observed 'in the lj»Vn’ation of 
nitrogen ffrom cerlaiii nitrifies, and Kohlscbutt* r '' su'ggest^ that Ibis may be 
due ^ the reduet’on f>y tbe hydrogen of the higher 'oxides wdiicb ' otherwise 

< ' _ 1 ^ 

0 

’ Sec Onii(< , Cheot, Ztiluiuf.^ 1910, 34,’le73.,j 
” Tiltlen, /Ver. Itoi/. Snc., 1897, 62 , 3J5. * \ 

^ Julius '|'J)oin‘-'ei), ZnUrh. phiistlal. CJmii., 1898, 25 , 112, 

Travers, Nalui\, 190,')^ 71 , 248. » 

^ ® Kolilbchutter, Annulen, 317 , lf>8. 



helitim ca* ! nitra^feLi^jb*^ 

•'fco^p^^Hnds.^^, ' , ' / '• #■' ■' ' ' * 

; Si<^' definite conclusions may be deduced from expcrimenibe ill >hM'^ 
jpit»elvfelende was ground in vacw.^ Helium was thus liberafet^ ;n aixiounts ' 
^jl^oh were approximately a conkant proportion (1*1 to l*2*per*ceftt.) of ’tbo', 
fjO^l amounts that could be Obtained by heating tlK; mineral with potas^jJm, 
hydrogen sulphate. | * 

/ i ' A slightly^ different method of attacking this problem was followedilby 
Gray,® who powdered thorianite in an agate mortar, sorted •the resulting 
powder into various grades of fineness by olutriation with water, dj-ied the* 
resulting fractions, and determined the amount of helium which was libeia,ted * 
from each on heating with nitric acid in an#exhausted tube. By eomparing ' 
these amounts with the total amount of helium evolved wlien the imground' 
material was subjected to similar treatment with acid, ft was possible to, ' 
ascertain the proportion of the total helium which had boon liberated by*, 
gi^iiiding to a degree fineness which was determined in each case ^y fnicro^ 
scopic examination of tlic powder. It appears that very little gas is liberated- 
until the particles have a diameter as small as 10 fx; from this point the ' 
proportion of helium liberated increases with the fineness of the powder h^til 
a temporary limit is reached with particles of an average diameU^r of 3 »/a, 
from which about 2^^ p^r cent, of tlie total helium has been given off. 

Both these sets of experiments lead to the conclusion that the helium is 
confined in a structure {e.g, of cavities) which, thougli invi8il)le under the 
microscope, is large compared with the molecular structure. • 

A similar conclusion is reached as the result of experimeiils updn the 
liberation of helium from monazite and thorianite by prolonged heating al 
various temperatures ftom r)00’-1200”.* With the latter mineral there^ was 
a. practical limit to the volution of*helium at any given teruporature. The 
following are typical results#; — • 

• 

0*7 per cent, of helium content libcftitcd in 5 hours at 300* 

8*5 per cent. „ „ • 80* ,, ,, 000* 

• 62*3 per cent. „ „ „ 320 „ „ 750“ 

100 0 per cent. „ „ „ • 30 „ „ 1000*. 

• •• • '/ 

It seems probable, therefore, that in yioriauitc, wliile a small pnjportion ^ 

Qf the helfhm may*be diffused throughout the #inincr{il^ possibly in solid 
solution — the greater part of it is eoncentrated in minute cavities. If thW 
is tfie ^ase,#tlie pressure of the gas in the cavities is certainly* very great:, 
something of the order of 200 atmosplicres at 0“ C.® • * * * 

•it is gtated that considerable amounts of helium are absorbed by th®'. 
fiaely divided platinum produced by the so-called “telectrical vaporisation 
- ^ne platfrnim rfjlectrod^ of a vacuum tube,'' and also by magnesium 
• electrodes in vacuum tubes, bjit it seems^rojjable tliat this absorption, 


Kolilschlittir a«id Vijgdt, Ber., 1906, 38, 1419, 

* j|o88*A>a.* Trans. Roy. J)ubl. Soe,, 1904, [ii.], 8, 1 

* Gray, Proc. Roy. 80c., 1909, A, 8i 301, ♦ 

M Ormn Wood, Aoc. ltojJ. S$c^ 1910, A, 84, 70.» 


\ Travers, Nature, 1905. 248. 

' ; • Fora discuaJion^of tln8*phojiome ^ , 

“ 18u8, 14, 221 and 677 ; Fiaohcr and Halinel, ibid., p, 866 : W^erf 

HSm'i Kobl*hii{ter, ibid,, 1909, 15. 816. . - * * - 

rnw. itoja Soc., 1897, 00, 449,* 


I "phenomenon see Kolilschuttei’ and Goldschnudfcy 
,na 





,%f-^if|KteliU&l^:iid#tjs, b ^ ^ ^ 

'fkbiwrptioh' vv^g mdisur^d fplUelSy 'by ‘d&gr^- s|ifec'fcfiI|p^^S^I 
ti^MoK has hasn shoT^n to be uureliafale in the.oase df the 
;jnuet import^ce must not be attached to these results/ , ' 

The most exk.Ui^ivo series of attempts to bring about the < 


,<at helium with various olements and compounds was made by Ramsay 
Oollia.^ A measured an\ount of helium was circulated over the substatiiie;^^ 
a bright-red heat ; uhen the whole apparatus was allowed to cool - the residi^/^ 
belium pumped off and measured, and finally the reagent was reheated; 

:iny evolved pumped off and examined. The following is a list 
Ifeagents used ; — . 


Sodium (distilled in the gas). 

. Silicon, 

Glucinum. 

if^inc \ (both distilled in the 
-Cadmium j gas). 

Boron. 

.'Yt);rium oxide and magnesium. 
Thallium^. 

Titanium oxide and magnesium. 
Thorium oxide and magnesium. 

Jead } (dbtarnished at red heat). 


aSc""'“ } 

Antimony I . , jv 

Bismuth 

Sulphur. 

Selenium. 

Uranium oxide and magnesium. 
Metallic cobalt. 

I’latiniim black (no occlusion). 
Soda lime ai:^fl potassium nitrate,. 
Soda lime arid sulphur. 


No change in the volume of the helium was observed in any of the: 
.experiments, and the reagent in each case appeared to ])e unattackecl. 

From experiments that have been piade duririg the isolation of helium it' 
is certain that it docs not combine with oxygon, nitrogen, hydrogen, otc.j 
jftnd it has been proved that even* at high temperatures it does not pass \ 
'through iron or platinum and cjfnnot, therefore, form any compound or solid / 
solution with these flemeiits.^ * Further, helium has no measurable solubility. ; 

solid or liquid copper, silver, gold, nickel, 11 * 011 , palladium, aluminiiqmj ' 
/ftiagnesinm, uranium, of tantalum.^ ' •/ 

■Oire possibility tfiat remaius is tliat an endothermic compound of heflum.-j 
might be obtained by the action of the silent electric discharge. Bertheloi' : 
"fitted that whemheliurn ivau thus treated in presence di benzene and mercury, ^ 
green glow wiis seen, which gave the spectrum of mercury, and a 
“|)r6portion 'of the gas was absorbed (68 percent, in 210 hours) wi^h pioduoriOll ‘ 
»' a. resinous* solid. This solid, when heated, gave off a gas which, whsg^’' 
/l»H*ified from carbon monoxide, etc-, showed exactly the same bohaviourraiSf 
"^.the original gas when ^bmitted to the discharge with benzenS and 
l^reover, the residual gas from the first experiw^ynt could be made to undei^'b; 
'’Ihiiri^er contiaction b}»the'ac|ion<of tho discharge *in presence of fresh ben^ttl* 

. , Iijii mercury.® ^ 

^^('Th'ese results aw3 so startling that one natu^j-allyt dminclined to acoep|J 

$e« Argt|u, p. o43. *- - 

i ; and Qo\\{t,iProc, Koy. AS’t-v./J896, 60 , {93. ,, . „ 

, Ramsey and Travers, Proc. Boy. Soe., 1897, 61 , 267 ; </., howsver, Piutti, 

it is there stated that certain minerals can absorb helium. ' " 

,/ jtRif^'erteViBd Berliner, 1912, 45 , <2626, < , 

' :I^hlTot» Qom^, nnd.^ 1895, tao, 660, 1816 j 1867, JC 4 ,Ai 8 i ,, 



Bamsa;)raB(i'Oolli^ mix^urbs pfilibft]^:'STOi ■ 

and witli chlorine to the action of the silent elec|(rica,l (fiiifc|i$/rj^. ! 
could in no case detect any alteration in ' 

other sign of chemical combination. , Stf utt ateo^as foilJO^K?^ 
helium is not absorbed* when subjected to the silent disohaigo^^V^W^ 
;;i^jseire or carbon bisulphide.^ ^ 3 

1 .'^ ^here appears, therefore, to be good ground for th5 statcmdlit that -tl^v 
.j;»XOthermic compound of helium exists, and that neither high tomperaturS*' 
the silent discharge are capable of causing the formation of endci,j[ieiiDi0l 
jjhoipounds of the element. " 

'Atomic ^Veig’ht. — As helium does notfcrm any deliiiile compound, the/’ 
. equivalent referred to hydrogen or oxygen cannot be determined— inde'ed, ft ; 
. -epannot be said to have an equivalent. We arc thus redifhed to other aiid- , 
, less -satisfactory methods for the determination of its atomic weight. 

' " \ Assuming the triitft of Avogadro’s hypothesis, it follows from detern#«ittion1a* 
M the density {mpra, p. 308) that the molecular weight of helium is i‘0023 

• ^ho ratio of the specific heats is 1‘66, it is probable that th0 

weight is identical with the molecular weight. • * . 

/ /. coii(?lusion is based (a) on reasoning from the assumi^)tioiis of the 

• kinetic theory of gases, f^om which it appears that the highest possible ratio 
, bf^he specific heats— whicli one would expect to find in cases of the greatest 
.moleJularsimplicity— is about 1-66, and {b) on the fact that itjc vapour of 
"-.toercury, known oif other grounds to be monatomic (g.y. from the vapour 

density), has the ratio of the specific heats, 1*6G.'* • 

Confirmatory evidenl^p of molecular simplicity is to be found in the natufe 
of the positive rays in hoiiu^i (p. 29fT), the Zeeman effect in lielium (p. 3l4), 
the relative ranges of the a-ri^s of a ludio-clement in helium mid (^hcr gases, 
agreement between the observed atid calculated rates of production' bf 
. helium from radium,*^ and in the thermal conductivity o^the gas (p. 310). 

^?l!lie view that the atomic weight is approximately 4 receives further 
^support from the way which helium then falls ir^o ])laeo with the other 
. 01^ents of its group in the periodic classification f)f the elements (see 
Part I. Chap. VIII.). . , *'• . ' A 

* ;Pctecti(Jn. — Thc*simplest method for the dej^ection^^r^f lielium consists ^ 
in introducing the gas into a vacuum tube connected with a side tube coh*' . 
tailing ^harqoab cooled in liquid air ; all heaviei’ gases are thus absorbad^-^' 
this way it was found possible to detect the helium, and neon "ip 
»c. of air.® This method has also been used for the detection of heiiui* 

. - . • . 

* — * — ^ jjT — — — . I , 

^msay and Collie, loc. at. , - 2 stnitt, /’/•(* Roi/. .Sk>r., A. 87 . 381. -v './/?’ 

'Bee this y-1., Parti., * 1 ). 97. * * \ V J 

4^- A?' P-'Adams, Fhtjs. Rtmem, lf07,24, 109} Taylor, Au. 1913, [vi.], 

Reports, T90t, 4 , 313 ; 1913, 10 , 279. •* , , • 

Q Geiger, Proc. Roy. Soc., 1908, A, 81 , 162 ^ .Soddy, jCun. Reports, 

® Dowar, fVor. /%, 1899, 64 , 231 , 


5/i Oompt. 628 ; cf. Piutti* Raid! 4ccad. Sci. 

* 5 ’ 203 } Le Radium^lho^j, 178 . • • , 



CHArTKil 111. 


NEON (Ne). 

History. — It has already been stated that after argon and helium had 
been discovered, then', was some controversy as to their position th the 
periodic classification of the elements, and that the discoverers ultimately 
'(^me to the conclusion that these gases must be placed by themselves in a 
new groUp. Helium then occupied the same horizontal position in the n^w 
group as lithium in Croup I., while argon came next 4o potassium (see Fart I., 
p. 274), A^ap was thus left for an element which 'yould occupy a position in ^ 
Group 0 between argon and helium, and would have an atomic weight two 
or t)iree units less than that of sodium.^ 


In the hope of discovering this gas llamsay and Travers made a careful 
examination of 18 litres of argon, obtained from air in the usual manlier. 
The gas was li(iuefied in a Dewar tube cooled .in* liquid air boiling under ' 
reduced pressure, and 25 c.c. of clear liquid were obtained ; the temperature 
Was then allowed to rise gradually ^nd the gas that boiled off was collected 
in fractions. o . 

• The 6rst fractions had a density of 14*7 (approx.), which approached that 
anticipated for the element between helium and argon ; moreover;- the 
spectrum of this gas A^as new and contained in particuiar a yellow line.', 
(A 5852’65) from those oh sodium, helium, and krypton.- 

colour of the light from the vacuum tube varied from fiery red to brilliant- ^ 
orange as the p-*'essure fed, and the gas was absorbed by tiie aluminipnt^. 
^ectrodes. - ^ i 

Whenkhe first fraction was again cooled with liquid air it was fQUtid thai'.;| 
. a large proportion did not liquefy; this gas had a density of 9‘65, butwasj 
wi^h a certain proportion of helium and argon. Those impuritiei^’weT^ 

, amoved by fractionary distilling a liquefied mixture of the orig(pal gas 
a suitable proportion of oxygen ; the middle f/riiction w^jis freed from 
by passage t)ver red-hot copper and then had % density of lOT. r ; v 
,The new gas was' characterised by a speotnirii distinct from that A 
or argon i^rtU infra), and was named neon (froij^ the Greek viovy 
Toward the end of the fractionation of the original 8upply''of.bqu|d-argQOT 
'‘ a ..solid substance wa6 obtained Vhich distilled very slowly and coula 

obtaineTd in a s^tte of considprable purity. This substance waS-;ak 
bo another new element and received th^ n^me “ 


^ Rauisayand Trayerlj^of. Ray. Sac., 1898, /■ 

® Ramsay aa^ Tvavai», Rroc,^lioy. S<yi.y 487. 

- - I i A!' • 



j»^r foimd 

^i|ii^rif]^'wJiiJh led to 

amount* of aome volatile carbon compoimc!.^ Neon wag uot obtained; 
in the pure state until llilO by Watson, and for this reason ies^ is 
.-Vk^pwn of the properties of ne^n than of ^the otlier gases.o * * • ^ . 

' :'Sir, J. J. Thomson, by his positive-ray method, has slunvii that atmoSphtrfii; ,, 
; 'neon contains two kindjj of atoms; one of mass 20, •the u^'dinary neon ato^,\ 
Jr the, other of mss 22 which could not be attributed to any known element!’ 
'To this latter substance the name metaueon has been given. Attempts have’ 
..been made, without success, to separaU^ neon and metaneon by refjjeated', 
^fractionation over cooled charcoal, but by a series of fractional diffusion^ . 
’ ^iSton has obtained a gas having a density grejfter than that of ordinary n^on.!^ 


tbemsfeltes 

its “ discovery^’ ivas prSbably due to argbit pontafninsr 


On the other hand, Leduc, who has had considerable exjjerience in fractiona- 
, ting atmospheric neon from the same source as Aston’s, considers it possible 
that the increase in density is due to the concentration of a trace of lutrogea^^ 
, in the end fractions.^ • • * ^ 


' Occurrence. — Hitherto neon has been obtained only from the ' 
/atmosphere. It is ditlicidt to make an accurate determination of the amo\^ni 
present, but Jhe most reliable estimate is probably tlfat of Watson,^ wlfo 
found one volume of neon in 55,000 volumes of air."' Direct evid(?noo*lm8 beeft 
.obtained of the presence ef neon up to considerable altitudes.*' 

Nfion has also been detected in the gases from 22 thermal springs,’^ and 
doubtless occurs to a small extent witli argon in the nitrogen pfesent in the 
<lissolved gases of water, in fire-damp, etc. * 

, - Collie and Patterson, working independently, have obtained evidence, 
which points to the formation of neon and possibly traces of helium by the 
passage of an electrical cfiscl^arge in hydrogen at low pressure. The gcnerj^l 
method of experiment coifsisted in introducing pure hydrogen into a vacuum 
tube having aluminiinn electrodes, passing a discharge for several hours, 
removing the hydrogen from tlio tube aud%explodirig with excess of pure 
oxygen, and, finally, removing the oxygen by means of eooled cliarcoal, and 
exanfining the residual gas spectroscopically. *iii certain cases an eleotrode- 
lepa discharge was pas.sed, and some of the tubes eiscd were double-wall^ , 
jbofch with and without electrodes. • * ^ • , 

After further experiments made in collaboration, Collie and Pattersoq oopi- 
cbide that (Ifneon earshot be obtained from either ^lass or^aluminium su^h 
as that used for the tubes and electrodes by simple heating ; (2) glass is not 
pcnne’kbW to ordinary neon and helium, either when heated nearlj^to soften- 
ing or when subject to the action of cathode rays; (3) the hydrogen 8?hd 
use^ in the experiments contained no neon. Nevertheless, they ' 
olb^ped sp^ct^bscopic evidence of the presence of neen in the residual ga$* 
O^iAed in their gxppriments^ Masson has obtained similar results.*' 


S€» Ramsay and Travis, Compt.^reiui., 1898, ^ 26 , #762 ; ifer, , 1898, ^i, 3111 ; JPr(x}{'\ 
1899.\.4, 185. , . •/ 

/ .> Aston, Nature, 1^13,92, 3^ ; cf. f»w. Koy, Soc., 1914, A, 89 * 439 . • - , 

rend., 1914,* 158 , 864. ^ Watson, Trayis. Chem. Sttf., 1910, 97,A8l0i 

tllaude, Compt. rend., fJJOS, 147 , 624; j^ordas onsi Jfouplain, Compt, 
%)i04y, 691. .• • • . I • 

,C.?’T#s 8 e?ena de Bort, C'o?ap<. r«n(f., 1^08, 147 , ^9. • , // 

Ci ? and Biqnar(h C'mpfursttti., 1906,143, 180 ; 1908, 146 , 435. .« 

f ■ t 'O^i^'and Patterson,. 7'ran.s. Chem, Soc., 1913, 103 , 419 ; Pme. Chem, Soe,^ WlB, - j 
ibid^,^ 238; Collie, Patt«rw«J» and Masson, Proc. jitey, ; 

A. M fifii. 





. / Attojplfr' thesfe 

ijp|>afabvifl enablei^ him to detect with feifiso^the neoo in ^^tE 

his pethod of ^experiment the gases were manipulated entirely wifejiliiij^!™^ 

glass app^mtus., ,Nogative results have aho been obtained by li!j[^i;toC 

ly'Egei’ton/ ' , . » 

Before the minute quantities of lielium and neon observed by 
Patterson, , and Masson can be regarded as of real significance, it is desirfi^Swr^,,* 
wat these investigators shall formulate the precise conditions ^iinder whiefc^^ 
pb&itive results may be anticipated, and afford an explanation for the negatl^; 
results 'that others have obtained. Certain experiments by J. J. Tho^lgfeCi" 
Jiave been cited in favour of the reality of the transmutations, but he him^K 
"states:^ “I have never, however, been able to get any evidence, that' Jr) 
regard as at all conclusive, that the atom of one element could by such 
be changed into an atom of a different kind.” 

Isolation, — (1) The earlier methods used for the < isolation of pureneoii:- 
: , all dep^ided on tlie fractional distillation of liquefied mixtures of neon, argon*/ 
'■krypton, and xenon. That originally used by Kamsay and Travers has beei^ 
outlined above. ' 

(2) Another method used by these investigators was to take the gat, 
.^€^aping‘'from the Ilampson liquefuu (which consists chiefly of nitrogen^ 
together with all the more volatile constituents of "^ir) and return it to tl/e 
; inteke of thq compression pump. It was thus again partially liquofiedj afid- 
- deprived of a further proportion of its less volatile constituents, and a gas 
■ ll?as ultimately obtained comparatively rich in helium and neon. This CQlp-' 
tCentration of the lighter gases could also be brought about by liquefying the 
whole of the gas escaping from the air liquefier and Mowing a current of air 
*■_ ^Itbrough the liquid ; the portion that fii:st evaporated contained most of the 
' helium and neon present. 

* - The enriched gas was next freed from oxygen and nitrogen by the usual 
•'** chemical methods, and the residue was again liquefied and fractionated. to 
temove argon. Fin'Mly, neon was separated from lielium by cooling the 
/ "ihixture to the temperature of liquid hydrogen and pumping off the ‘still 
^^^-'^jaseous helium from the^olid neon/^ 

V -A- BimploF method for separating neon from the mixture of inert gassa 
an obtaited from air, depends on the use of cooled charcoal in, the mahnei 
demised by Dewar (see p. *306). It is found that ?Svhen the mixture- 'b 
brought in contact with charcoal cooled to about - 100“ C., the argon, kryptoii, ' 
jt; ‘^an^ xenon ^re completely absorbed, while the greater part of tlve helium aaid,.. 
//’j- ‘DfitOfl can be "pumped away in the gaseous state. The neon can then* Jbe J 
r//‘/5^ieparated,from helium by bringing the gas in contact .with chainoal-ncSJ^'- 
'v^l;to« the temperature of liquid air (“180“ to -190“ C.); the ileor. 

.eS/Jt^orbpd, while all the helium with a little of neoir'can b*e 

the chhrcoal is "allowed: to -warm up b*) i^he ordinary temperature, 
a is evolved in a fairly pure state,^ , - 

the gas ivtained in the first lot of'’ charcoal, k-ypton and xeupft 0%^ 
^^?^'A>tained (se'e p, 347), o 

most convenient mtood of obtaining, nCou^from the 


.A*" Strutt, Proc. Roy/Soc., 1914, A, 8^, 499; Merton, ibid., 1914, A, 90, 54«; 
A, 91, 180. '■ /*: •' ’■ 

Thpmaon, ^{ature, 1918, 90, 646 ; The Romanes LectureM*,. p. 

' f.JlfflMM and Travers, J¥«f. Roy. Soe.j 1901, 67, '329 ; Dewar,. i^,,l&if 
and Schmidt, Sitmngsl^r^ K. Akad. Jfisi'' 
aniiBiquijrd^ Compt. rend^t 1906, 143, 180. . ‘ ^ 




lioh are caoM hi a b/ttli of liquid oxygeji. Plere th(igreat^|^ 
and some nit^ogeifare condenfsed, and th(^U(juid falls 
Am- T1i© gas next passes down other tubes DI) , which 
iv the liquid oxyge^i, and h^’e tlie nitrocren^is cond#ns#^'*ltfi^i 
in the reserY(fit 



V. ,\ THp upjp^' pih of the app^Mu^ ebpslsts d! a 
in eopst-niotioii to that of CMoy^8«til]*» "% tire pressure o3f g^^in |h© 
the liqtii4 ,m the waervoir A is forced up the tube <j and delitered inti) itiej - 
polupin at k point a little below the top, while the liquid in E is 8iinltiyly|’ 
forced to the ’top 0/ the column through the tube ' , 

f. \ the oxygen in C is at its boiling-point under atmojspheric pressure,, 
the highest, temperature is found in this liquid and «,t the bottom of Ihe ' 

' rectifying column. On the other hand, the liquid in E when suddenly placed 
under atmospheric pressure at the top of the column, boils rapidly, losing the 
j^reater part of its nitrogen and producing the lowest temperature found ip'; 
any part of the apparatus. As the liquid passes down the column it becomeg , 
iWdily warmer, and meets a current of gas which becomes steadily cooler • 
as it ascends. The net result of these heat interchanges is that practically ; 
all the oxygen in the ascending gas is liquefied and drops back into C, while 
^Ibth^ nitrogen in the descending liquid is distilled ofh.and passes out intp 
the atnidsphere at F. 

This description of the apparatus and its working is necessary in order* 
to ,make clear the nature of the modification by which the helium and neon: 
present in the air can be obtained. It will be evident that, aa these gases 
naVe extrCtoely low boiling-points, they will remain as gas in the space above 
the liquid in E. A narrow tube X is therefore provided, by which these 
u'noondensed gases are led up to the top of the column, where they pass 
-through the spirals Y, situated at the point where the temperature is lowest 
- {v^ mpra). Here a great part of the residual nitrogen is condensed an.d 
■fells back into the small reservoir Z, from which it is blown oft' from time 
to time through the cock W. 

When the flow of gas and liquid in the various parts of the apparatus is 
suitably adjusted, the residual gas escaping from the lop of the small spirals 
^contains all ‘the helium, neon, and hyc^’ogen present in the air delivered into 
the apparatus, together with about 50 per cent, of nitrogen.^ 

' From the crude liwht gas ol^tainpd by this method the nitrogen may be 
at 6noe removed by the ordinary chemical methods (see Argon), but a-simpler 
plan is to fractionate the \'^iole over cooled charcoal repeatedly. The nitrogen 
; is 'absorbed most readfiy, the neon less readily, and the helium hardly at,aU 
.at the* temperatures used. A sa’jing of time, however, may be effected if 
After several fract’onatioai iiavo been made, the iiitf'ogen is absorbed by 
/' cheniical methods. The progress of the purification is best followed by means 
of determinations of density : spectroscopic examination is almost usoless, as ' 
..dalfge quantities of helium may escape detection. ^ ,, , 

It will be evident from the above descriptions that neon isi-the aibsV 
‘difficult of the inert gas^s to isolate. This is due partly to the extr^^. 

, inlpute proportion present in the air, the only a,Yailable uouirce, and aisd w 
^ the/fact that has to ha isolated firom the middle fractions of the inert gatr, 

; which purity is more chffimilt to attain than ip end fractions. 
jH^liyidence of the-Ivomogeneity of neon has been ootainodby the observatidp 
‘its vapour' pressure is unchanged during the fractional dfStfilfeiion 
liquefied gas.^ Qukriz at 1006* G, is pe^meaWe to neon, but much less^. 
IJO helium.'* ^ ^ 

' Yol., Part I., p. 41 ; Claude, Cotnpt. rend., 1905, 14IJ 82S } 1908,Y(|5^,;8S^l^ 

. fmTw. /S'()c., 1'9105 97, 810. (, .y 

and JadueCvOd, Phi{. fr<e\^s., 1903, 200, A, 181, * ' 

* p. W, jlichardsan snd Pitto, }*hU. Ma;}., 1911,, {vi.}, asj, 704/ , 


of hetfi h^is been dete^'inin^tt , 

liampie of the gas prepared, b}i method (4^ above.' HO found 
Jv'OOdS gni. for the weight of the normal litre, which cniresjfipfi^^'^iiT 
Sfesity of 20*16(02-32). Rausay and Travers had previously^foiiud, tna \ 
Tftlne 19*94 (O 2 =» 32 ), 2 but ,tho later, determination tis * undoftbfedlt J^OW " 
aoenrate. Lednc giv^s 0*899 gm. as the weight of a normal litre.*'^ , 

" ■ Prom Watson’s vaVie for the density, and Burt’« valug given below for 
Ayntessure cOuipressibility coefficient, it follows from the method *of limitiing ■ 
densities that the molecular weight of neon is 20*20. * 

.The comp'essibility coefficient of neon at 0° between 0 and 1 atmosphere 
is, atSoording to Burt, -0*00105; that is, neon, like hydrogen, is an ultras , 
perfect gas.^ Leduc’s value is - 0*00046 at*l7°.^ The thermal conduc^vit'^ 
■Is 0*0001091 e.g.s. units at 0* C., and the temperature coefficient 0*00259.- , v 
The refractivity of neon was given by Ramsay and Travers as 0*2345 times 
ihat of air for white igght, whence the refractive index is =1*0000687.^ This 
figure agrees fairly well with that found by (1 and M. Cuthbertson,* tihmel^ 
1:00006716 at 0“ and 760 mm. for the green mercury line (A=- 5461.). 

The dispersion at N.H’. 1*. is approximately twice that of helium, the^rela*- - 
tionship between wave-length and refractive index bein’g given by 



where C x 10 -« = 5*18652 and V 10“'^ = 38916*2. 

The absorption coefficient of neon in water is 0*0114 at O', and increases 
gradually up to 0*0317 at 50°. The solubility curve appears to have U 
, minimum at 0“.” • 

The viscosity of neoa al, 0" 0. ia*2*981 x 10~* in absolute units.® 

The dielectric cohesion of pure neon at 17° is 5*6 (hydrogen 205), whic^ 
is considerably less than that, of lieliilm, i^hereas one would expect it to b& 
between that of helium* and argon. Tlie value of thg dielectric cohesion is, 
■ Veuy much raised oven by traces of f(fl*eigft gases; e.y. l/20th per cent, of 
impurity raises it to 6*8, and the determination, of this consta,nt therefore 
|,fford8 a good criterion of the purity of the gas.® • 

When an electrical discharge is passed through ndb« under VeduCeil 
pressure a t)rilliant cfango-pink light is emittodj^ The sf)ectmm is chliracter- 
' i^od by lines iii.tho orange and red regions and, like that of helium, argoib 
• kryptop, ai^d xenon, is materially altered by inclusion of a Leaden jar 
spark-gap, the strongest of the ordinary lines being only just visible, white 
mtny new lines appear in the more retrangible region.^® 

The cliiel lines are enumerated below ^ 


Watson, Trans. Chgn. iioc.flflO, 97 , 826. • # • • 

Ramsay ifhd Travers, Proc. Jpry. 80c., 1901, 67 , 329» * 

Leduo, 19T4, 158 P 864 . * ' 

Faraday*Soc., 1910, 6 , 19. Soe also Onnes arid 4jkomnielin, 
d^l^etmach. Jmsterdom, iB, ^ • 

' tonawitz, Ann. Fl^s£k,i9U, [iv.], 48 , 57T.^ * 

l‘G. and M. Outhbertson, Proc. -S'oe., IfllO, A, 83 , AS ; 1910, A. « 4 , 18. 

Aiitropoff, Proc, Jioy. Sod, 1910, A, ^4. 

^ iU5jkine, i^c. Moy. Soe., J910, A, 83 , 616 ; A, 84 , 181 . ^ 

rend., 1910, 1 ^ 0 , 149, 1380 ; .^nn. Chim. Mhys., 19J1, 

W. **y. S«., J914, A,_ 89 . i4g. “ My, Proc. Boy. VT 1»», 
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I An investigation of three se/Jes of lines in the neon spectrum has : 
rn^e Ay Rossi. 1 \Z 

' .The Zeeman effect in neon is very complicated 

^ A> curious property of neon has been obscA'ed b;^ Collie.® When thn'^ 
|a4 is'sHken in a tube with mercury a red glow is observed which is equally^, 
nright at atmospheric pressure or at 120-200 mm. By unetpial heating 
and other methods tubes were obtained which would glow at certain parts \ 
but £iot at others. Moisture inhibits the phenomenon.^ 

; explanation appears to have been advanced: possibly it may ,be ^ 
cbnnected with the glow seen in an exhausted receiver (j(mtaining neon moving * 
near an electrostatic field.® It is stated that neon is very resistant to ,, 
ab^rption by '■the electrodes of a discharge tube.^' ^ 

Td^ minimum spark potential in neon is 200 volts, with a spark-gap of 

^ 1 . V 1 x ' ' 

^ . The earlier investigators had not sufficient neon at their disposal 
permit the determination of the ratio of the specific ' heats ; but from' the ^ 
&Vthat mixtures of neon with argon wGre alreacfy Vnown to have y * l ; 
it "Vas concluded that the value of y for neon was that required by theoi^ . 
for monatomic gas.® Subscijiy^ntly accurai^e doterniinations of this con- ^ 
stftnt have been mad^p for pure neon according to the method of Kundt 
And Warburg (see p. 3l 6) : the fif^ures obtained are ® ” 



Temperature. 

IMf 

Wave- Length. 

Density. 

c 

f. 

Air^ 

, 

.9- 

27*92 

14*48 

0 

Neon 


1 19“*4 

36*10 

10*1 


Th^ v4ue thus found for the ratio CyO^ for neon is 

. ’'^’ijnucfaction of Neon. — Neon can be ^li^ucfiod under the ordi^A^J 

^ — ^ “ 

Phil Mag., 1913, [vl.], 26, 981 ; cf. Watsoji, rro6. Uoy.^Soc.^, 1908, 

w.|jj^Xoomann, Zeilsch. Wiss. Photochem^, 1908, A, 1, 41. 

Ptoq. Roy. »S^oc.,‘1909, A, 82, 878. 





^ . • 245’-9^ C. . The vapo’ir pfesam*^ of 

cm. at -24SI"‘67 0. (the triple point) to 
0.* Two results at still lower temperatur<is haVe hoeA 
12*8 mm. at^ —262 *6 C. and 2 4 min. at *- 257'’‘35 C. • }5 

Its triple-point p’*|pssurc is 35 cm. of mercury^ and its critical -pr^s^d^ t|f 
^mosj/aeres ; but the critical temperature has not becai'det^rndft^f;, 
i^iero is, however, a connection between the critical temperatures and'itM^ 
Jnscosities of the inert gases. The variation of r; with T is expressed \ 
.StStherland’s equation :— 

:; -©'o 


where rj and are the visco^ties at temperatures T” and ly abs., flsud ^ 
is a constant for eacTi gas. t . * ’• 

When the values of y/ at the critical temperature are calculated for-^ 
other inert gases, it is found that the relationship ’rfi^ 3*93 x 

holds good^ By interpolation the value of r}^ and •hence, by Suthefl^nct^ 
equation, of T;^ foi' found to be ord absolute.® .This vftfue 

agrees with that sugj.'^sted by Travers, Sen tor, and Jafpierod (loc, ciL)y.yh^ 
abs. According tp Onnes and Crommolin,'^ the critical temporatqre 9 ft 
neon is approximately 42“ to 45" absolute. > ^ 

The surface tension, density, and refractive index of liquid neon have 
not yet been measured ; but Rudorf calculates that its refractive index sho^uld 
be aWt 1*24.® ^ 

Atomic Weight* — Jbe atomic weight of noon is believed to bo identifeil 
^ith its molecular weight, which fs, as has already been mentioned, tak^pa As,, 
20‘20. The reasons for tMs belief may be summarised brictiy follows,; — 

' (1) The ratio of the spe/3itic heilts a.^ constant })ressnre and constant 
volume is 1 'GT ; , ; ; 

'* (2) The gas has an extremely smallMielJctric cohesion (c/. Helium, p. 

and Argon, p, 339) ; > 

' (3) The evidence of the positive-ray method (p. 2^)5). 

(4) The general relationship of the ej,ement to tlie oflibr inert ^ai^aapd’; 
fo other elements indicates that it. sliould^jiroperly occupy 'tfce; 
position in the periodic classification between fluorine and 
iftto which it naturally falls if its atomic weight is tal^en as 


y* * DeWJJr, Proc. Roy. Soc., 1901, 68, 360; Ramsay and Travers, ibicL, 1901, 67 , 
^tfwvcjrs, S^n^r, and Jaquerod, ibid., 1902, 70, 484 ; Phif. T^'ans., 1903, 20O, A, |3i» * 


, Traversf SeytcL and Jaquerod, loc, cit, 
^ Rankiiie, Phil, M 


, Mag., l^iA, [vi.], 21, 49. ''V- ’fy 

''.Onnes and Cromnijelin, Pilc.*K. A/cnd. Wiiens'^i. Amsterdam, 1915, 18, 16. ‘ 

49 H 1 I 4 , 16b* . . 

‘ JRudorf, PhihMrfg,, 19o9, tvi.}, 17 , 796. 



CHAPTER IV. 


ARGON (A). 

HistOfjT;— A curious example of the omissions that sometimes come to light 
.during the investigation of common substances is found in the fact that from , 
1786 till 1894 no complete and exhaustive examination of the homogeneity 
of atmospheric nitrogen was attempted. In the former year Cavendish; , 
jpubl/ahed his Experiments on Air, in which he investigated thi.'^’, point as,* 

, minutely as “his methods and apparatus would permit ; but that he recognised " 
bis own limitations is evident from the following sentence written at the 
odnclusion of hi^ paper : . if there is any part of the phlogisticated uir 

"df .our ^atmosphere which differs from the rest, and cann^^t be reduced to . 
nitrous acid, we may safely conclude that it is not more than Y^Q-th part 
df«;the whole.” ^ 

V “This observation remained unnoticed until Rayleigh, in the course of a 
'Vety' accurate determination of the density, of nitrogen from various sources, 
observed tha^ the density of atmospheric nitro^^en, %y whatever method 
obtained, was consistently higher than t,hat of “ chemical ” nitrogen, obtained 
'firdm ammonia, oxides of nitrogOb, etc. This" discrepancy (amounting to 
of the whole) whs much tQO great to be written off' as experimental 
erfor#.a8 may be seen from the data quoted below, in which the error of tfiie 
4et6rmination does not exceed 0 0002 gm. 

Weight of Gas , 
in ‘large Globe. 

2-30008 gms . " 
2-29904 , 

2*^^9865 „ 
2-29870 
2;29^6 „ ^ 

2*31026 „ 
2*31003 
) 2^31020 „ 


‘ I.- ^litrogeu fronl . — 

‘ Nitric oxide by red-hot iron (4 expts.) 

Nitrous oxide by red-hot iron (2 expts.) . 
Ammonium nitrite ; purified at red-heat (2 expts.) 
Ammonium nitrite ; purified cold . 

Ur6a and sodiuiiji hypobromite . . 

II. Nitrogen from air : — 

By m^ans of red-hot copper (1892) . „ 

By means of red-Vot irtn (*1893) (4 ex{)ti) .l 
♦B y means of cold ferrous hydroxide ti8f>4) (3 ex^)t8. 

Heap of Series T. = 2*29927 gms. 

M6an of Serj*^ II. = 2*31016'^ ,„ ^ 

Difference ' 0-01089 ^m. 


‘ Cavendl?li, Phil 1786 , ^ 5 ,^ 372 .. 

HP 



none oi;wre8ft|ipeQinpns^,^^ 

^ ^ i^aon 4>f the sifent electrioej disohArge f and demeristlafs^dj;’^^ 

T.ijiftt the fi^htnSss of “chemica?" nitrogen was Lot duello ad^i^cttu’evft^ 
ah^, known gas lighter thaii^ itself, such as hydrogen, aSimomai, or* 
^-vapour.i _ ^ • • . ] ^ 

^ The only other jpossible explaiiatfon of the high density of “atmG»|ih^j?idi>* 
•nitrogen was the presence in it of some heavier copstituent. It was at thi is'ljcWi 
‘that a se'Tch in the literature revealed the astounding’ fact tlia^ the adc^l^t^ 
view as to the homogeneity of the nitrogen of the air rested »solely upt^ %€ 
^experiments of Cavendish mentioned above. Tt was at once ev ident thai»ii 
his small residue were a gas having a density double that of nitrogen^ % 
presence would more than suffice to account for the observed differences., 
Cavendish had passed sparks from an electrical machine through ftnljixiuxd 
pf air with excess of oxygen (dophlogisticated air) ovSr mercury, and, 
afterwards absorbed the excess of oxj’^geii and oxides of nitrogen by m^aps 
of liver of sulphur. Kepetition of the experiments with improve^.app^ij^'disi 
demonstrated that a residue was always obtained, and that its volume tl'ks 
proportional to the volume of air used. Spectroscopic examination 
‘Conclusively that it was not nitrogen. • • . 

In collaboration with Kamsay, Rayleigh tlieii obtained this yew. gas, ffbii 
«.ir by absorbing the^oxygen and nitrogen liy the action of ryd-hot copper- end 
ipagncsium respectively, and it was shown by spectroscopic oxaminatibn tb 
be identical with the gas obtained by Cavendish’s mcthixl. -iriiat the new gas 
was not combined with the nitrogen was proved by its separation by j\tmolyflisi 
This new gas had a density of about 20 (H = l), wlience its molecular 
weight would be about 40. The high ratio of the specific heats pointed to 
the conclusion that 'its ^molecule was monatomic, that its atomic weight 
was also 40. To this new eleibent the name argon {dpyov, inactivoj^ was 
given.2 i , ^ 

At first it did not seeip as if Chere. could be ^ny place in the periodic 
classification for an dement of atomic w*eight 40, b^ut as time went op and 
^ther members of the group described in this volume became known, ohemigto 
generally accepted the view, first suggested by Jiamsay, that argon should be 
placed in a new group of the periodic system betweyn bromine and potasainico. 
By allocating this position to argon tlyire arises an ailciualy wh^ch is .even 
now un^plained,iis its atomic weight is gre.^ter thai.dhat of potasdum wbi<^' 
it .precedes, but tho greater part of the availabfe eviderfee goes to justify- tl^; 
3.cc^)toc^view. ^ 

Occurrence. — Argon is widely distributed in the free state in - 
As fia%already been mentioned, it is a constant cpiistitucni? of the atm6spfcb|5E^ 
It forpi8»0‘941 per cent, by volume of air fre^d from carbon dfoTida qy 
Woistulref^ayd J.T845 per cent, by volume of atmospheric “ nitrogen,”*: 
substantial accuracy of‘*^thesc figures^ has been verified by calpulafihig^^i^ 
densify atmospheric nitr(^on from thdn in ^conjunction with the 
4&nBities of ppre^rgoA aftd ’yitrogen. Results n,ro thus obtained j7hidb;l^S 
clypekf ^tth the values found experimentally by Raj^eiglj#* • 

The proportion of argon in the air aj^pears tc^bf constant, as samples' 

> ’ ■> ^ ; , I 5 





jiMO*^3l5 p^ <feht. by vQiutt)r$> " t)v^^ the epetf se^ 

^l^hetpropottiohs (up to 0'949 pei* cent;) have been found.^' J %'t 

^ jv'Jiom, tap Ajr a»gon finds its way into sea and river water,® and beoai^^^^ 
4t0^biHty ifl water is greater than that (jf nitrogerf, its proportion in the tpS^,^ 
drispivea gas is greater than^in air. This greater solubility of argon will 
why^.he propc»rtion of argon in the gases from the air-l^addei^ 
alway higher than in air and increases with the depth from which.!;'' 
fish, is taken, ^ and will account for the low proportion of argon in itir .i 
^ho soil,^ It has been found free in plants,® and occurs in the^^ 
'j^opd of animals,"^ but not in combination.® - 

/ Argon has been found in the gas from the fumaroles of Mount Pel^aV 
:(Jil^rtinique) and of Guadeloupe.® It also occurs in the gases of 
;|nweral springs, among which may he enumerated Wildbad, Black Forest;^® 
.P^rchto?d§d®rh Vienna Royjavik, Iceland; 12 Allhusen's Well ; Bath and ■* 
Buxton Old Sulphur ..Well, Harrogate^ Strathpeffer Wells; Des Qilnfs,:' ' 
Ck^r and Espigiiol Sj)rings at Cauterets;^^ Vdslau Monte Irone, AbanO'i^j, 
Ktdeiallo, Tuscany; Pore tta Baths, Bolognian Appenines ; Mount Dor^ ; 

Ogen ; NpheandTrou des l\auvres, Dax; Vielle, F;aux Bonnes; Saint* 
^An^stin, Panticosa ; Maizieres, Cote d^Or ; Baill^re, Pyrenees ; Bagnoles • 
d^.l’Onie (4'5 per cent.).^^ ^ \ , 

.V;;'<Argon has bpon found in the natural gas of Kentucky (see p. 302), and in - 
'!hihhy,.spcciinen8 of firo-damp7“ in amounts which vary from 0 6 to 0‘04 pef t 
^fitr.'of the whole volume, but in almost every case are about 2 per cent, by-^* 
of the nitrogen present. 

...•tif^We now review the inodes of occurrence of ar^j^on which have beCn 
• Numerated, it will be found that in every case the g&s jt'ccurs associated with; 
plti^en in proportions which are approximately of the same relative' 
^mjBc^itiido as the proportions of argon and nitrogen in the atmosphere. 


iJchloosing, Compl. rend., 1896, 123 , 696. 

^^.M^ssan, Compf. rend., 190Jf; 137 , 600. 

';;^!Tro(»t^aud Ouvrar^, Coi.pt, rend., 1895, 121 , 798. 

;<• Sj^lloesing and Ricliard, Compl. rend., 1896, I22, 616. 
j^hlotsing, Compl. re^d., 1895,, 121 , 604. 

Chem. Zentr., 1897 , ''[i-J. 1030. 
ft^ard and Schloesing, Compl. rend., 1897, 124 , 302. 

Bet , 1897, 30 , 965. 

^‘'„^}WfssaD, Oompt, rend., 1902, 135 , 1085 ; 1904, 138 , 938 ; Bull. Soc. chim., 1903, [ 
^'^ 434 .',, 

,Kay 8 «r, C^em. News, 1896, 72 , 89. 
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and Ramsay, Proe. Roy. Soc., 1895, 59 , 68 . , 

4’®-F|ie<Bander-, Jjfeitsch. jihysikal. Chem.,,lSdQ, ig, 657,: ^a}leigh, Proc. Boy. Soc,, I 
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iLtfxnaw and Travers, Proc. B^ehj. Soc., 1897, 60 , 4li2. <■ 

'S^b^ger and Landet 3 dl, Monalsh., 1898, 19 , 11 4. 
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. ?»{:/™«/*^ge'tt^ i^ p^f 

same proportion as is contaiiied in atmospheric nitrorom^ 'tt ar^j at^ 

““ “'"='■ th"' a>-!?on. bM ^n - da^ 
|;JO^ctly from the atmosphere.^ . . ’ ‘ 

appears to ho generally assumed that the atmospheric arttcm® 
in the elemoukiry state since the earliest stages sf the world’s hhtwl 
fhiv« “'iierals have been found hitherto whici, yield argeaS 

, • of tljeso the chief are 7tial,acoue,^ and another mineral from 

amounts of 

^^jtaaracone has the formula 3(ZrOy.SiOo).H,0, * ■ 

the Brazilian mineral contains 97 per ?ont! 

^od both are radioactive, h’urther, it is 
.'^eld by Antropoft ® that the amount of ar^^oii in 
second mineral 4 s too great to be derived 
-from atmospheric sources. There is, therefore, 

.at least a basis for the speculation “that argon’ 
like helium, may be a product of the disinte- 
gration of fadioactivc elements, but it must be 
Wrne in mind that the amount of argon present 
ifit quite small. • 

- - •Argon has also beoii found in eliastite,^ and 
a cerium minc^’a! from Gov. iktum (South 
1 ^ucasais)A 

^^Isolation. —Argon is always obtained from 
.atlliospheric nitrogen. ^ By the removal of oxygen 
and nitrogen from air fread from ciq-bon dioxide, 

^Or, WO ol)taiii “atmospheric argon,’’ in which 
the only impuriUes are small traces of, the other 
inert gases, helium, nepii, krypton, and xtnon, 
ainoimting'iu all to about 0-25 per qent.,by 
yoTume. 

• The chief methods used for “atmospheric 
are as follows: — 

V (1) Caj^endish’s original experiment haiheen Fkj. 87 ^Ravlemh anrl 
developed and mo( 3 ifi^ by Bayleighand Ramsay,®* a niodii-jiutiuii of OavendlsS'^-? 
Vh^s© apparatus is represented diagrammaticaily .ai*pajatus. , ' ‘ j 

y The glass flask A, having a capacity of about 50 litres, 'is supbori^^^’ 
mm di^nwards in a suitable stand. It is closed by a rubber bpng thrbUliltjl 
f ^f ^hose carry heavy copper leads which 



«wTviv/j^Liicuu wuo itif'uiiioui, we vvmwjr, I'nysm 

^.y and Travere, Froc. Roy. Soc., 1897, iSo, 442 ; litchj 

f 4 ^ 08 , 89 , 16 QP.. * • . 

^fitach, Elektroehem.^ 1908, I4*r)85. 

1 ^ 144 . , 

Soc., W96, 60 , 133. 

A mt. Phys. Chc^. Soc., 1897, 29, 29) 

J^igaay, Trant, ghtm. ivo 1^97, 71 , 




j>nd at ome poiitt passes through 'a ^booled ekteni'ally 
wiixtuie- of n>.WutQes of oxygen and 9 volumes of air is 8hppUed^t%^ftl^^/ 
^^etube?./ f ^ 

e In order to maidtaip between Mie electro les the potential ' 
efequired to give a steady flame, it is necessary to .use a transform^?' .of \ 
induction coil which* will give a P.D. of 6000 to 8000 volts on open seoond^r^^ 
,0ircnit.' Thif. falls to about 2000 in working, but a transformer giving ftnly^, ' 
*''tlu8 voltage, or even 4000-5000 volts, on open secondary circuit will giv^ov 
rUnstee^y conditions in use and probably lead to overheating and fusion of th^'‘ 
electrodes. It is, however, necessary to the efficiency of the process that bh8,,' 
bleotrodes should bo kept red hot. , •' 

The primary t current is regulated by means of a choking-coil with^,ft„ 
'nqiovable iron armature, and is about 40 amps, at 30 volts. The rate 
#»con8pmption of energy is about 800 watts, ^.e. 1 h.p. i^oughly ; and the ratia 
9f absorption of gas is about 20 litres per hour (25 o^c. per watt-hour), whfcl|" 
naay, by paying careful attention to the composition of the gases, be 
mttihtained until the amount of argon in the globe is sufficient to dilute the 
gflW considerably. 

Contrary to expectation, increase of pressure does not materially increase 
the rate of combination ; but it has been found that with approximately the 
8amo size of f^me the absorption increases rapidly 'dth increase in the size 
of fhp globe. ,, 

• 'Tbis process can bo pushed to completion and a mixture of argon and 
bxy^en obtained, from which the latter gas is removed by alkaline pyrogallpl,^ 
.:<iUpratnraonium solution, or red-hot copper ; but it is^found better to use it 
only for the preliminary concentration of, argon and to complete the removal 
of pitrogen,by one of the other methods.^ *' 

When nitrogen is passed over .yed-hot magnesium it is absorbed with 
formation of magnesium nitride,' Mg^Ng* systematic repetition 

..of this process tllat Ramsay fi’^st obtained argon from ' atmoi.pheric 
.‘‘nitrogen. ”2 ft has the disadvantage, how'ovor, of being extremely slow, 'and 
Jt was early suggested that other metals whicli more readily form nitrides 
should'' be sub^tfouted for the magnesium; chief of these were lithium, 
^.bbtained by electroIj'siB of the chloride and barium, prepared bv the action 
.of tpdiiim on barinm fluoride or BaNajF,.^ ^ 

i A very rapid method and the best available for some years is a|so a 
inodificatioh of the original magnesium method, due to Maqaenne. The 
‘absorbent is a mixture of 5 parts of lime, which should be free from carboiiafe 
•and hydraxide, and 3 parts of magnesium powder;''’ and the afiJition a 
proportion of nibtallic sodium is stated to increase ' the 
.^bsorption.^ ♦ ■ ' 

^^‘The mixture is heated to » bright redness' in a glass tube, any hydrog^r 
'^feoa|hon monoxide evolved being pumped i*ofl'., Atmospheric ^‘nitrogen ”;ii 
- ^ 1_ i. — 

Jli^leigh, Proc. Chani/, Soc., 1897,^,13, 16. » .r. , - ^ 

i ‘*'J^tiaaay«PM7. Trans., 1895, i86, 200. 

^\'^Crirutz, Vhmpt. rend., 18'.;6, I20, 777, 

Compt. rend,; 1896, 121 , 887. 

Mfll^Uetine, Compt. rend., 1896, 121 , 1147. , • 

^iS-^Cifonineliti, Proe.CC Akad. iVektmeh. Anfislerdam, 1910, 13 , C 

1909, 7 , 109« f ^ 
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then admitted, and the absoi-^flioii of the niirogou is ovideijcJfed hy iId glow 
wMch passes along tfle tilhe as the mixture ^ecoi:)je8 converted "irffo calcium 
nitride. TheVas issuing from the fcnb* is freed from traces of hydrogen and « 
carbon monoxide by passage over red-hot copp i oxide atfll solid caustic 
potash, and is hnally dried by mcfins of phosphorus p(yuto\y(k‘. ^ 

For the removal of the la»t traces o? nitrogen, rnd hdt crystallised ealciten 
haa^been used ; ^ and tJie same end is attained 
by maintaining an ftlectric arc betw<‘en 
calcium electrodes in tlie gas for twenty -four 
hours. 2 

(3) A method for preparing argon whieli 
appears to bo (dieaj) and ellective is that due^ 
to Fischer and Hinge. A luixturo of 90 per 
cent, of calcium carln'de and 10 per cent, 
of calcium chloride, lieafed to redness in an 
iron* retort of the iVm shown in Hg. 8 .S, 
having the open end water-jacketed and 
fitted with a water-euoled sto[)per, is used to absorb tlio oxyt^im and nitro'ien 
from air. • 

The rotoPt is made part of a system of ajiparatus innicaliai iii the diagnipi 
(fig. 8 !)), 

In an ex})eriinent tin* retort is first warmed and tlie contained gjises arc 
pumjied out; the tempi rature is ilien raised to 800', air is gdmitted, corl 




solid 

HOH 


circulating 
•• pump 


rp.d hot 
CuO 


iron retort containing, 
Qa Cz & Ca C/^ 



Kio. 89. 


wh»n the oxygen and nitrogi'ii Icive hi'cii alisorhed, more air isTadiintted from 
tii^c to tin*e compensate for this ali.sorption. Wh^'ii the wimle apparatus 
M fiiH.^f Tiii’^ure argon the gas is circulated througli the .sy.^tem until no 
^further ab.sorption is indicat,cd by the manometer. • 

* The chemical chawges wiTiili -take j)]a*e :fre a.s^ follows —nitrogen acts 
upon calcium* carbide to /oitn jjfilciuui cyaiiamiflo and^^arlxm, tlie .carbon 
unites with i^ygon tiTforiti carbon dio.xide (wliicii is absorbetWiy the cakhfin 
cavbidc’^ith formation of ealeiiim carbonari) and carbon), and some carbon 
. • ♦* * ^ - 

^ Mi^ssan and Kiganf, Compk rewf^, 1904 I37> ' Ai : ^nu. Cfhm. r/iys,, 1904, U'ih.k 
2 , 433; Fischer ami Halinel, Her,, 1910,43, 1435; Gunt/ and l>a&bot, Bull. Soc. Chun.. 
1906, [3], 35 , 404. .■ 

® Fischer ant llmvici^ Her., 1909, * 42 , 527f.* 

VOL. I. 
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raonojide whi^li in turn is oxidised by the copper oxide to carbon dioxide ftnd 
absorbed b«y«the pobish. i ^ / j t 

Eleven litres of fairly pure argon wer% thus obtained in tijjp days by the 
* use of 7 kilos (»f calcium carbide.^ * 

(4) A^A)d ipethod for the laboratory •preparation of small amounts of 
acgon dcperitls on flie^facfc tlnit commercial coiiipressod oxygen, prepared by 
cfractional distillation of liquid air, contains over 3 per cent, of argon lind 
but little rptrogen. c If thfi oxygen be removed by rntans of red-hot iron or 
cdpper and t|^o residual gas freed from nitrogen by one of the above methods, 
ta fairly pure sample of argon is readily obtained.^ 

The argon obtained by any of the above methods always contains a small 
proportion of the other inert gases (0‘25 per cent., of which the greater part 
is ne»n) which cannot, of course, be removed by chemical methods. The 
isolation of pure,, argon from the mixture may be carried out by one of the 
following methods ; — 
c (IJ Fractional diffusion. 

(2) l^Vactional liquefaction of the gas or fractional distillation of the 

liquid. 

(3) Fractional crystallisation of the lapiid. 

* (4) Fractional absorption in cooled charcoal. 

O) those (1) iS too slow and troublesome to be of much practical use, and (3) 
presents groat experimental difficulties, and has only been carried out for the 
accurate detei^ini nation of the atomic weight (f/.v.), dloth the other methods, 
(2) and (4), are good, but (2) is perhaps the simpler: it is quite easy to 
separate argon from helium and neon, on the one hand, and from xenon and 
krypton, on the other, by fractional distillation at the temperature of liquid 
oxygen.® 

Physical Properties. - - Argon, like^the other* members of the group, is 
a colourless^ odourless, tasteless gas. ' 

Many determinations of its detmty^ have bced made ; the more important 
results are tabulated below (referred to 0^= 32) : — , 

(a) 19-940, (/;)'l9-957,^ ‘'(c) "19-945,® {d) 19-95,' (e) 19-9m» 

(a) This result is<*ho^mean of e. number of density determinations made 
on “ atlnospheric Wgon ” containing all the helium, neon, etc., present in the 
original air. The cecond figure \b) is for the middlq fractions^’obtained in 
the evaporation of’ liqiicfiAd atmospheric argon, whilst the third (c) is a more 
recent detepnination made on material similarly prepared. The^four^h figure 
((^) was obtained with argon purified by fractional crystallisation, and identical 
results wore obtained with the samples of gas taken from the solid^and liquid 
firactions. 'The fiftli (c)^was obtained with spectroscopically ppre^gas. fhe 


1 Fischer and Hinge, ier., lyCti?, 4 %, 2017 ; Fis<5ii#i, ZeiL<icli. Elektrochem., 1907, 13 , 

107 ; Ber., 1907, 40 , 1110 ; Trans. Ohem. S(^', , Iglf), 107 , 305. » , 

2 Clattde, Co 7 n}}t.. reivA , lOfO, 151 , 752 ; sec a/so,«Morey,*J. Ai^er.^Chem. Boc., 1912, 34 , 

l9f*, .Stark, PhysiUal. Zcitsch., 191 H, 14 , 497. * « 

® Cromraolin, Proc. K. Ahnd. IVefev^srh. Amsterdam, 1910, 13 , 54. 

* Rayleigh^and Kmis&f, Phil. Tra^f., 1895, i84, 187 iRa^^l^igh, Proc. Roy. Soe., 1^90, 

59, 198. % 

* Ramsay, Bcr.^ 1898^31, 3111 ; Ramsay t^jid Travers, tf'm. R^. S^., 1899,04) 188, 

® Fischer and Hahnel, Ber., 1910, 43 , 1435. “ 

VFi 8 c¥t:r agd Frobowc, Ber., Il&11^44, 92. 

Ann. Physik, lftl5. [iv. 1 ,^ 48 ^ 
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aooeptea figure for the denMty^f argon is 19‘95, i.e. the wei^t of a W’mal 
litie of argon isi*7?f2 guams. Schultze giv<j| the vuluo r7Se7$ grum^ and, 
by the method of limiting densities,* finds that* the molecular weight is 

39 ' 945 - ) 

Argon, like helium, expands r«)nnally with increase of ttinp^rrfturo from 
0° to 280“ : its coefficient of expansion is O'OOIlfifiS.^ ** * * j,-. 

•The pv isothermal* for the gas between - 150° and + 20° and the reducet^ 
equation of state hav»» been studied by Onnes aifd CrMiuncliii ", The com- 
pressibility coeffieiont of the gas at 0* C. and between 0 and J atmosphere 
has been calculated by Watson to be 4-0 00003.^ % 

The iolubility of argon in water is about 2| times that of nitrogen — 
roughly 4 vols. per 100 vols. of water at ordinary tenipeiarures^ 

The absorption coefficient, measured accofding to the method of Estreicher, 
is 0‘0561 at 0° and 0'025fJ7 at 50°, and appears to show^a steady fall with 
rise of temperature/’' Fox has shown, however, that these rcsulls may bo in 
eriw by as mneh a# 5 per cent.,’' and greater weight must the^fgro be^ 
attached to the determinatious of Aniro])^!,"^ which give for the solubility 
coefficient the values 0’0561 at 0°, 0'0379 at 20°, and 0’()343 at 50°: the 
results show a distinct minimum at 40°. « 

Argon dbe.'i not conform strictly to Graliarn’s Iaw, but dili'uses tlirmtgh 
a minute hol{3 in a platinum plate 3-i per cent, faster than would^lie flnticijiated 
when compared with (Aygen. This behaviour may be oxiilaftied by taking 
into’accouiit the high raiio of the specific hcats.^ Argon dill^ises through a 
caoutchouc mernbiiane 100 times as fast as carbon dioxide.® 

The viscosity of argon is high --about 1’21 times that of air'®- -and in 
respect of this property it heads the list of the prineijial gases. Thfc 
coefficient of viscosity^/ in absolute (C.G.S.) units has been (h'tcnnined Uy 
different investigators, wifh the ref^dts given below : — 


7 ? X lOl 

# 

• 

^ TcniprrHnii e. ^ 

Ohseri er. 

2203 

• • 

14“'7 

Schultze." 

2200 

ri^-o ) 

• 

2746 

99° 6 f 

Tfnzler 

3231 

183°-0 _ 

• • 

2201 

2102 

15° -5 • 

Raiikhn- 

O^'O 

• Rankiir.'^ 


^ ivuenon and haii.kll, Froc. llmi. Hoc,, 1895, 59, 80. • 

Onnes wid Crornmelm, /'/w. A'. Ahul. Welensrh Amsterdam, 1.910, (Jig 1012; 
1911, 14, ]^Sf 1912, 15, 273, 952. Holborn and Schult:^, An?^ Vhiisik, 1916, [iv.1, 

>0C^ • . . 

® Watson, Frans. Chem. Ho^., 1910, 97, 833. 

^ IJayloigh and FhilfPrans., 1896, i€6, 487. 

® Eslreiche#, Zeitsch. physika^ Ch\m., 1899, 31, 176., • 

« Fox, Trans. F^traiay S9t., 1904* 5, 68. • 

'' Anttopdft) Vroc. Hoy. 1910, A, 83, 474. 

® liCnnan, Fhil, Mm/., 1000, [v.], 49, 423. 

Kistiakowsky, J. Ri^s^Ghj^n, Aof., 1897, 29, 291. 

Rayleigh, Proe. lioy, Soc., 189^59, 198. , 

“ Sbhultze, A^n. P^Lys., 19#1, [iv.], 5, VIO. 

Tanzler, Bm. deuU phys. Qfis., 1906, 4, 222, 

Rankine. Roy. Soc., 1910, A, 83, 266, 5J6. * 

Rankmef-i6i()l., IglO. A, 8d. lal. •- * 
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Rfcyloigh observed that the viscosity argon ipcreasedo with ris(j^of 
temperat life ‘more rapidly than^id that of the comfiion diatoimo gases, ^ and 
f Rankine^ showed that if this increase %lfowed a linear lay of Ae type 

O 

^then the temperature coelHcient of increase of vis^ensity of the ga8,Jia8 
the value 283 X Kr-^ ■ ^ 

The rejractivil]/ of argon has been determined liy methods essentially 
(Similar to those described under Helium (p. 310): the principal results are 
tabulated below : — 


Wavc-Lcnijlk (\). 

(g-l)xlO’. 

Hemarls. 

Aidhoriiy. 

\yhjte light 

2808 \ 

A.s.suniing value 2922 

i Rayloigh.'^ 

2828 / 

for air (a = 5894). 

1 Raiufeay aud Tiavers^ 

J 6663 

2829 


Burton.'^ 

t 5896 

2837 



6139 

2796 


Ahrberg.*'’ 

5790 - 70 

' 2803 


5161 

2816 



1359 ' f 

2851 



6461 

2823 


C. and M. Outhbcrtsoii.’ 


Burton expressed his results by the formula 


/I =1-0002792 + 


1-6x10-14 


(cf. Helium, p. 311), but C. and M. Cuthbertsou give preference to a formula 
of the Sellmeier type, * ' 


At N.THh their, values for the constants in this ecpiation are given in the 
followiag table, together with tlAisc calculated from other resl^Us, for the 
sake of comparison ; — * ' ' 



CxlO- 2 ’. 

Vx 10 - 

Burton . ... 

9 124 

16335 

Ahrheig . . j 

7 437 1 

13516" 

C. and il. (iuthbci Lyui , 

9-4;{264'' 

17009 



^ Rayleigh, Proc. J!oi/, Soc., 1900, 66 , 08 
2 Kankine, aV, " ' ' j 'b - e 

Rayleigh, Proc. Hoy. Hoc., 1890, 59 , 203. , 
j * Rtunsuy and TrtiVers, ibid., 189r. 62„-225 ; 1899, i 4 , 190 1 190,1, 67, 331. '' 
® Burton, ibid., 1908, A, 80 , 390. 

<„ " 5»'irbgrg, hiavf^iiral Diss'., Hallo, 1909 . 

“ ’VC. ,^(1 M. Cuthbertsop, Proc. Hoy*.' Hi^c., 1910, A, 84 , 13. 
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m 

na* a very tloyf aief erf ric cohesion (35)— one-f ^th thftt pf,air ^05), 
&,nd one-elcv(^th that of hydrogen fif tins respect it shows a 

resemblance to^he^ionatomic vapour of mercury, tlie diclectj-ic cohesion of * 
which is 0-85 tliat of air— a vpry low figure considering density of 
thegas/^ The dielectric cohesion of a?-gon is uriidyected (ff pressure, 

butjs markedly increased by admixture \\ith other gas( wiu'( Iier diatoniu;^ 
gasesdiko oxygen and iiitrogon or tlio vapour of inofcury.^ 

' The spaik-gap (spai^ing distance) is about -10 per cent. gri'alA’ in argmi 
than in air, hydrogen, etc., under comparable conditions (onh- lleffum, p. 312).^', 
The lines seen in the s])ectrum of argon vary with tlie conditions,* Tf a 
discharge at 2000 volts be passed from a stoiage batleiy (or other similar 
source of continuous current) through tho#gas under reduced pressure, it 
emits a red glow ; but when the discharge is oscillatory (f’.y. with a spark- 
gap and condenser interposed) the colour of the light at once changes to blue. 
Proxjrnity to a Ilerz oscillator will bring about a similar cliange in the^ 
character of the light* and a (leisslor tube containing rarefied argSft'may, 
consequently, be used to delect electrical waves.^ Stead has stated, as the 
result of investigations with a lime cathode, that the red spectrum is^the 
spectrum o^ the positive column— even when prodticcd under very l#w 
pressures'-wliile the blue spectrum is that of the cathode 1 )l*.iui/ 

A very large numbei^of lines in llu! spectrum have boon •SiTasured, but 
only^he more important^of these are given in the following list. Tlie reader 
desirous of further detail is referred to the original memoirs.'*' • 


“RED” SPECTRUM OF ARGON (Uncondensed Discharge). 


WaiY-Lenyfli. 

Iiilrnslty.* 

• . 

Wacr-Leni/lh. 

• 

IntensUy. 

Wavc-Ltnylh. 

^ Intensity. 

7066-6 , 

7 

42*72-30 

% 

4182*00 

j 

6^»-8 

8 

4266-43 

• h 

4164*30 

7 

S(]07'44*X 

8 

4259*49 

9 

41.58*72 

10 

' 15 10 -85 

7 

1200 80 

10 

• 4014*56 

8 

_ 43-18 •!! 

8 

4198 16 

10 

*949 *1 1 

.8 

434.5 32 

7 

/ 4191*81 

10 

38.34 ?7* 

8 

4333 71 • , 

8 

14190*81 

• 7 

3547*79 

•7 

•• 4300-25 1 

1 

— 

8 • 

• 



* • 



^ Bouty, iPompt. rend., 1904, 138, 616; 1907, 145, 2^5; Ann. iJImn. Jditjs , 1911, 
[viji.], 23, 6^ li^l3, Lviii.], 28, 549, • • 

• “ Co)'gpt. rend., 1904, 138, 1691, and loc. eit. 

^ See also, EwerS, Ann. rhysM, 1905, [IJ, 17, 781. , 

* Friedlandei’, Zeitsch. vhysikal9(Jh.em., 1896, if, 6^. • 

® Trow bri^go^nd Richards, .<4 mr/'. J. Ad., 1897, [iv.j, 3,»19; /Vo7. Mm/., 1897, [v.], 

43*77. • I • • •• • . 

« Stead, Gamb. Thil. ffoe., 1912, 16, 607. •• 


IFiss. Wien, 1896 ; Denksepr^K^Ahuk Wtss. Wifn, 1896. K^^y.scr, Astroyhys. »/., 1896, 
4, 1; Siiznngsber. K. Alad. iViss^Hcrhn, J89o, p. 5|1. Crookes, .'Trans., 
1896, Af 186, .243: th^ red enfl of "le rej spectiinn has beei? investigated by Riinge, 
Astrophys. IS^J, 9, 281 ; Riyige and P.i.s('lu‘n, ibid., 1898, 8, 99. These rosiills are 
, svimmaiised in Watkls Index 0 / Spectra, vol. F, p. 21^ vot. H, p. l,«vol. M, g. llh* Foatho 
canal-ray spectiftim tof arggn see StIHf, Wetid?, Kirschbaiyn, and Kunzer, shin.tJ'^jsik, 
1918, [iv.], 42, 241. • ' w • • • 
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* “3,UJ£” SPECTRU»{ OF ARGON (Condensed piscKarge). 


IFave-Lfvyfli: 

Intemity. 



IFaxe- Length. 

r 

Tnh'nsitn. 

r 



WaveMenglh. 

Ixifjenmly. 

' 6.5.09-02 

8 

.-1781 *02 

7 ' 

3286-91 

7 . 

4880-00 

8 

, 3729-45 

9 

2942-94 

7 

4800-17. 


363.8-02 

7 

' 2806-3 * 

8 

' 4609-74 , 

7 

3588-63 

9 

2769-7 

8 

4426-17 

8 

3582-55 

7 

-2753-9 

8 

434812-2 

9 

3.576-81 

8 

2744-9 

8 

4104-11 

7 

3.561 -21 

7 

2708-4 

8 

4014-00 

7 

35[i9 70 

8 

•2647-6 

8 

8928-75 

7 

3.546-01 

7 

2 >16-8 

8 

3868-72 

, 7 

3545 79 

7 

‘251.5 -G 

8 

3850-72 

8 

8491-72 

9 




The Doppler effect has been observed for certain lines in the spectrum of 
argond 

Argon is diamagnetic.^ 

' The t}),e.rwal comiuctivity oi argon, K = 0'00003894 at 0° (J.^ When this 
value is substituted in the equation 

K=/.i;.c„ 

where t; = the viscosity and c„ the specific heat of the gas cd constant volume, ' 
we find (as in the case of helium, q.v.) that 

/= 2 - 501 . 

This value approximates closely to that obtainejl theoretically by the 
development of Maxwell’s theory, and therefore allbrds evidence for the 
simple nature of the argon molecule.*' 

Determinations of the thermtd conductivity of aigon at very l,ow pressures 
gave [>ecn]iar resultshvhich are t pic'senl unexplained.® 

Direct determination of the specijic heat of argon at very high temperatures 
(1300“'-2500“ C.) have, been made by exploding the gas with a known amounjf 
of electd’olytic g iff in a large spherical bomb provided with a special device 
for detecting and re/‘ording prossu’rc variations. It Wc)s thus for.'nd that at 
constant volume the molecular specific heat is 2’977 cals.® 

The specific heats at constant pressure and constant volume at ordinary 
temperatures have not been determined, but the ratio between these quantities 
has been found by the method of Kimdt’s tube (wide Helium, p. 316).- A 
particular tube, which gave in air the value X/2 = 34'67 mm., g^ve in argon 
= 31-68 mm. ; whence 7 == 1 65.'^ . ■ 

Liquefaction. — No difficulty is met with' in the production of both, 
liquid andaolid argon, as the 1' jiling-point ana molting point lie between the 
boiling-point of freshly prepared liquid air dnd that of licpiid kir which has 
W.n kept. r ' „ 

^ Dorn, Fhysikal Zeits'ek., 1907, 8 . 589. ** Ti,nzler,-, inr, :^*hynky 1907, [iv.], 24 , ^80. 

* Schwarze^'^.^na.. rkysik,^^^'A, [iv.], jj, 303. , 

* ry. Waclismutli, FUtjsikal. Zeitsch., 1908^ 9» 23.5. ,» 

® Soddy and Berry, Proc. Roy. Soc., 1910, A, 84 , 576. 

«, ViaYf^^eifxh. ElektfH>che,m., 1909^ 15 , 536. •’ 

and Ramsay, FLU. Tram., 1595, 186 , 187. Sm ^Iso GtriMer, Ber. dmt 
yhysikai. Oe,s.y 1914, 16 , 615. 



^Liquid aigon is colourless and transparent and boils at at 

the boiling-p(ant the den^ty is 1-4046 : ^ -whol cooiocl by external* rAeans or by 
its own ovapoRktio]^ it solidifies to a'wlTite mass whieb crystallises in the rogu-^ 
lar system, and melts at - ISV'-O C., less than lY below tlie boiling-point. 

‘ The critical constants of argob are as follows : — ' * 

• • 

Critical temperature ' . -122" *41 

Critical pres^ire . . . . * 47 ’!♦!)() 

Critical density 0 fH)!) gni.4‘c. 

The triple point of argon is - 189"-3.® The vapour pressui-t', of solid argon 
is 411 mm. at - 190"-9 : by addition of oxjgcn it is raised to 420 mm. at 
that temperature and then remains constant, in spite of continued iwldition 
of oxygen, as long as any solid argon remains. W^e are lure dealing with a 
saturated solution of solid argon in liquid oxygen ; it eotitains 92 ■? per cent, 
of argon by volume, And the vapour in cquibbrium with it e()ntain,'^97'8 pe# 
cent, of argon.'^ The vapour pressures of liipiid argon from tlie critical tem- 
perature to the triple point and of solid argon from the triple |.x)int to 
-206'’C. have been determined, and from these dati^ it has been calcinated 
that the molecular lieat of vaporisation of the liipiid is 12-92 calorioS af 
- 125"-49, 24*01 calories at - 140‘’-80, and 35 00 calories at --*1^83 ' 06.*^ 

^The equation for tl*e rectilinear diameter for argon lias b?en found to bs 

= 0-20956 - 0-002()2.'f5^ (tenqieraturc in degrees C.). The.coefficiont of 
i.e. the slope of •the diameter, is greater than for any other gas except 
xenon.® The density of liquid argon varies from 1 -12.43 at Ht'abs. to 
1-3845 at 90" abs.^’ 

fn conclusion, it nmy be of interest to note that it has been recorded in 
one case^ that argon ^xRibited “phosphorescent etlects” during an experi- 
ment in which it was repeatedly passed over lioated meUillio .calcium and 
copper oxide respectively. The pho#;phorescenco is stated to have become 
moi;^ intenije as the gas*became purer. Nif attempt seom.s to have been made 
to^Gx^ajji^this phenomenon ; hut thene is at least a fiqierlicial resemblance 
to the observations recorded under Neon (p. 328)^ and the math.u- aiipoars to 
,be worth further investigation. 

Chemical Inertness. — A.rgon is generally believed ,to bo ckemically 
^inert, but*it may be^f interest to give an account, as \^is done in tli» case of* 
helium, of the^experirnental evidence upon whii^i^tiiis belief rests. 

* Argon is not acted upon by any of the agents -m;ignesium, calcium, 
lithium, calcium carbide, oxygen, potash, copper oxide, ole. - u^cd in remov- 
iftg nitrogen and oxygen from air and in purifying the rcsidmal gas. This is 

__ 

^if!unsay*an'i Tfe-avers, FhiL Trans , 1901, A, 197 , 47 ; cf. Ol/ewski, tldd., 1895, A, 
186 , 258. • 

2 Baly*and DoniiaTi,,7’rrt?w fJh%n. Soc , 190:^ 8 i# 914. • 

• 8 Walil, I foe. Hoy* Soc., 19 V, A' 87 , 371. * • 

* Cromm|lin, Jiroc^K. Aj!ad. Wmensrh Artislerdam, 1?10, 1^*54. * 

* OjilmmeKn, ibid., 191u, 13 , 607 ; cj. in"'! C., F(f-52-^tmo3, (Kama*/ Ind 

Travers, iVoc. Roy. l^c., 67, 329), l)K = 0-.5149,((4ol(l}Kinpiiier. ZfilsAi. yhysikal, Vhein.^ 
1^10, 71 , 577), also Dk -* 0*630^ (Matfiias, Oiines*|ind rrmninPliu, rvU infra). 

. ^ ^xormnt^m,Proct^. Akad. Wfiensrh. Ai%sterdnm,\^3, 16 , ill 17 , 275. The 
triple-point ‘presfcure *ip 521-1 mm. (Hoist and Hamburger, •/Vcv, K. AhtU, WeUnsch. 
AmsUrdam, 19f6, 18 , *872.) • ’ Inglis^FAi/. Mag., 1906, [vi.], H, 840. 

® Mathiafc Ofihes, and Cromnjrlin, Proi' K. tAkad. Wefenfeh. Amsyrdufk, 1^3, 15 , 
667| 980, * * •• '■'•liisclifr and H^iluiel. Z»cn, 1910 , 143 . f43£f, • 
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ovideii/ed by Vlje fact that the proportion of argon iT| air determined l^y 
processes iirvdving the use, of th',3se reagents agrees ^ith that found l)y other 
, methods. Moreover, it does not comlVnic with titanium, Vor(w% or uranium 
when heated irrcontact with these elements, or with ihiorific at the ordinary 
temperatuiy^ or uudpr tlie influence of the electric spark. ^ 

. Rayleigh and Ramsay^ attempted to cause^ argon to combine with j:he 
imgents enumerated below, but in no case was thote any absorption of 
the gas : — , • * ' o 


Clydrogen. 

Chlorine. ' 

Phosphorus. 

Sulphur. 

Tellurium. 

Sodium. 


Sodium hydroxide ( (at red 
Soda-lime ( lieat) 

Potassium nitrate (fused). 
Sodium peroxide. 

Sodium persulphide. 
Calcium persulphide. 


Nitrohydrocliloric acid. 
Bromine water. 

Potassium permanganate 
and liydrochloric acid. 
Platinum black. 


Other experitnents have shown that argon is unaflected by a carbon arc 
maintained in the gas for several hours, or })y the silent electric discharge 
in pivssence of the vaf^ur of carbon tetrachloride.'^ By the aot;ion of pro- 
duper gas (wliich of course contains argon) on a mixture of barium carbonate 
and carbon 'at^the temperature of the electric arc, a product rich in barium 
cyanide is obtained, but when a sample of this material was complet,ely 
decomposed acQording to Dumas’ method the nitrogen recovered was found 
to contain no argon. Similarly, it has been proved tliat ai^gon has no action 
on magnesium, as the magnesium nitride obtained by lieating the metal in 
ni'r, on treatment with water yielded ammonia and a small amount (50 c.c. 
frem 500 gm. nitride) of gas which was shown to cpntidn no argon.'' Argon 
does not pass tiirough platinum, palladiufn, or iron <?t 900“-950’, under a 
pressure of 1 ►atmosphere, and tlierefore forms no compound or solid solution 
with these metals.^ It has been sluv.vn independently that argon has no 
appreciable solubility in solid or liquid copper, silver, gold, nickel, ^jron, 
palladium, aluminium, magnesium', urnnium, or tantalum.'^ » 

It has been suggested that this inertness might be [lurely a matter of 
temperature ; and argop at ordinary temperatures has been compared with , 
mercury Vapour, vdftch at 800* 0. would appear to be incapable of combining 
t with any other element.'^ This analogy is obviously iniperfect, fftid argon, 
should be compared vather \('ith non-metals of low atomic woigl.t and density 
than with mercury.^ 

It seemed' likely that any compound of argon that might be produced 
would bo endotlitrmic, and, v(!ry possibly, unstable : if this were tl),e case it 
might be possible to cause its formation at a high temperature aifd .nreserve 
it from decomposition by rapidly cooling it to a low temperatiiro. FirAner, ' 


^ Molssan, Covipt. rend,, ?20, 966. t ' 

* Rayleigh and Ramsay* Phil. Trans., 1895, i86, 

^ ’Ramsay and Coihe, Proc. Ruy. Soe. , 1896, 6o, 53. ^ 

* Ramsay and Collie, loc. dO 

* Rayleigh ami Ramsay, Phil. Trans., 1895, i86, fS? ; Chem. News, 1895, *71) 

99; Ramsay, ihid\', 51 ; Per., 18^8, 31, 31 Ilf* • , 

® Ra;nsay and Travers, Proc. Roy. Soc., 1897, '5l, 267. 

’ Sieverts and Hcrgner, Her., 1912, 45, 2576. 

® R(«’lei4a-an(J RamsayV /oc. taV. • 

“ m Hffl, w. J. Pci., 1895^. [iii ], SP, ^‘591’ 
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lii^^rerore, advised ar^ apparatus in which an .wu ui spuiv uisonur^o cmftd be 
maintained between metallic electrodeijsnbnAri^eck in liquid argon, Various 
metals were wed (^cadmium, titarflum, tin, load, antimony, ^aiid bismuth — 
and in some cases small amounts of metallic nitride were formed ly’om traces 
of nitrogen present in the ar^on, nut in no case was an;^ criflenoe •btained of 
coipbination betwe<m the moRil and arjond 

Such are the negal^ive results hitherLo obtained : it is, however, uccessarT^ 
to give a b'.-cf resume of tho.se cases which have been forwar(>a8 posilyvo 
evidence of the formation or existence of compounds of argon. • ^ 

It is a fact that if a powerful discharge bo sent through in a 

vacuum tube having platinum or magnesium electrodes, the spectrum of the 
gas gradually diminishes iu intensity and iimilly vanishes. This phenomenon 
at first received the obvious explanation- that the argon was absorlied or 
occluded by the electrodes;*^ but it is now known that? the inert gases, 
when freed from ordinary diatomic gases by combination of the latter with 
the electrodes, may Become fluorescent and even non-conducting at frt'Sssuref 
measurable on a mercury barometer.^ On the otlier hand, attention has 
been called liy Itamsay^ to the fact that electrodes of platinum, magnesium, 
aluminium,, zinc, cadmium, antimony, and mercury# always exhibit ‘nv)!*^ 
“spluttering^’ in inert gases than in hydrogen, oxygen, nitrc*ge^, etc.; and 
that vacuum tubes filled with inert gases that liave beeu ffbnfincd over 
meiipury more frequently sliow the spectrum of mercury than do tubes 
similarly filled with ordinary gases. • 

Again, Cooke iTas stated tliat the vapour-density of zinc is 1 2 pc» cent, 
higher in argon than in nitrogen, and this has heeii put forward as evidenc^e 
of a tendency to form a compound.^ But it has since been shown that 
Cooke’s results are unti^ist^worthy, and the vapour densities of zinc, aluminium, 
and magiiosium are u»ifi'ected by* the presence of argon:® this argument 
therefore falls to the ground. * 

A very extensive si'ries of (ixperimdits w^is made by Berthelot in order to 
ascejf^n the etlect of tire silent electric (bseliarge on niixtures of argon with 
the»vaponB^of volatile organic compourils— ^joth fatty and aromatic-— and of 
carbon disiilpliide, in jireseiice of mercury vapiiur. With the aromatic 


^•ompounds (but not with the aliphatic compounds) nn absorption (^f argon 
was recorded in every ca.so. Tlio dimini^tion in volume of the gas varied 
^|roni 1 per*ccnt. to 8*])er cent, in various exporiments, iftid was accompanied 
by a green luTiiinosity the spectrum of which flowed fho lines of argon, 
mercury, c-v’bon, and hydrogen.^ • 

At one tim&it seemed probable that sufficient care had not been taken to 
eifkure tlu^ removal of iiitroijen from the gas, and that the’phenomena observed 
w^ro due, t» tlio presence of that gas;*^ but Karysay has repeated these 


1 Fischer and Iliovioi, 41, 3802 #ind <1449 ; 4909, 42, B2I \ Fischer and 

Schrdter, A?r.,J910, 43, *1442 and 1404.. • 

* 2 Troost and Ouvrai^, Compl* re^l, IBOfi, 121, 39r;«FriedI^ult‘r, Zeitsch. ^hjsikal. 
C'Aew.,l{i96, ig, 6.’i7. ^ • 

® Sodfly, Proc. Roy. Soc., 1907. 78, 429. ^ 

^ See note to paper by .Cooke.# .SV.,<,906, A, 

** Cooke, Zeitsch. phystkeu. 1900, 55»^'^^* f 

® Von Wartonberg, Zcilsch.ffivonr Vhcn^, 15a)7, 56, 320. • 

^ Berthelot, (^pt* rend., 1895, 120, 681, 1316, 1386 ; 1897, 124, 113 ; 1899, A9, 71, 
133, 378. ' ’ • • a € 

* Of. Dori^aml Erdn^^lnu, Annfthn, lil^5f287, 230 ;,Berthelot, •1897,. 

124, 528. * • ’ ^ ‘ ■ 
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elperirfients^?t|id"has found that yhilo both argon and nitrogen are present, 
the ordinarjr violet glow is observed, b\jt when all nitrogen has ^en removed, 
^i/he tube gives brilliant green glow whmh shows the rtprovcy spectrum.^ 
The contemplation of these results has a v^ery disipiieting effect upon the 
mind aocuSoCr-Hod' k) regard all these gases as invincibly indifferent to all 
other elements, and further experiment seems £o be needed. , 

Villard states that wher pure argon is compressed" at 150 atmospheres 
in the presehce of w'ater at 0 “, local supercooling causes the formation of a 
plid, crystallibe hydrate. Tlie dissociation pressure of this body is given as 
l05 atm(/:pheres at 0“ and 210 atmospheres at 10 “.^ 

Detection and Estimation. — The detection or estimation of argon in 
a mixture of gases is carried out by methods essentially the same as those 
used for its preparation. For example, in detecting the argon present in air, 
oxygen is absorbed by metallic copper, and nitrogen by heated litliium, calcium, 
or Maquenne’s mixture, and the residual gas is examined spectroscopically, 
f'airly' complete removal of nitrogen is necessary, as^its spectrum readily 
masks that of argon i even 37 per cent, of argon in nitrogen can scarcely be 
detected 8 pectros(ropically.® To estimate the amount of argon present the 
sanvs procedure is followed, except that special precautions are tf^ken to pre- 
vent any ley.^ge of gas, and the last traces of oxygen, nitrogen, and hydrogen 
are absorbed by red-hot metallic calcium. The method of using lithium as 
an absorbent for nitrogen, etc., has been elaborated and used more especially 
‘by Schloesing.^ 

The purity of argon may be tested by a determinatio'n of its dielectric ^ 
Cohesion: 1 per cent, of air or other diatomic gas multiplies it about 2| 
times.® 

Atomic Weight. — As argon forms no definite ‘compounds its atomic 
weight cannot bo determined in the usual manner ; in(/'>eed, the usual chemical 
conception of the atom as the least part of an o^ement ^\l^(■ll exists in the 
molecules of its compounds cannot be Ifbld in reference to argon or any other 
of the inert gases. TVe molecular weight is determined accurato’y fr^.the 
density ; and there is much evidence for tiie belief that the n'^'^eculo is 
monatomic and that, therefore, the atomic weight is identical with the 
moleculq^r weight. ^ 

Argpn shows 'a close resemblamy^ to the monatomic vapour of mercury in 
possessing a very low^rlielectivc cohesion (see p. 339), aiV‘1 the valde obtainec^., 
for the thermal conductivity of tiie gas points to simplicity of molecular 
stnictiire (see p. 340). What is usually regarded as the most coijolusivo 
evidence in this respect is obtained by the determination of tlie ratio of the 
specific heats at constant pressure and constant volume: the v^lue TOe, 
obtained for argon, is i/i agreement with that calculated fron?. t)>eoretiQ|il 
considerations ® and found in the case of other gases which a^e {ilmost cft'^^ainly^ 
monatomic.’^ 1. J. Thomson’s mqthod of an^lysiu by positive rays points 
definitely to the same con^^lusiofi (p. 295). ' ' , ^ ' 

— 7./ — ? [ — , j 

^ See note, loc. clt. 

* Villard, Covipt. mirf.,'^1896, 123 , ^47. ^ ^ . 

® Collie and'^.amsay, Proc. Soc., 1896, 59 > 267 ; Scfimidt, Ann. Physik, 1904, [it.], 
14, 801, ' \ ' - 4 - 

* Schloesing, loc.. ciL, 

’ rendt, 1907, 143 , 225. 

Kee tliis^Vel., Part 1., p, 97^. '• 

" See ITehuni' p. 823. 
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% xne wcTfk ot Jkotvqs, JKamsay, and Shicms nas snoww inau r»r non 
associating is^uids the value of the ^^te oPcliaage of the mofec^lar surfac 
energy with tne i^mpcrature is approximately con.sLant (C.G.S. - 2*12 units] 
The surface tension of liquid ar^n has been dcterniiiied by obijBiyation of it 
rise in a capillary tube,’ and from these results tin; i#\<^ecuia» weight 0 
argon in the lltpiid state is calciilatffd to be 15 ‘), a figure in sufficiei.tb 
good agreement with |he accepted value .39 9 (0 16). • 

Lastly, there is the evidence of the general rolation8bi[) of argon to^lhi 
other inert gases and to the elements in the first and seventh •groups of th< 
periodic system. With one exception these relationshijis are in ^.greemen* 
with the position in the system occupied by argon, if it is given the atomt 
weight 39-9. The exception is, of course, Ahe anomaly that exists in the fac 
that argon, if it is to occupy a place among the element.s of Group T), miis 
precede potassium, the atomic weight of which is .39 T. This disturbing fac 
mqst not, however, bo permitted to obscure our vision of the greater niimbe 
of considerations which confirm the accepted atomic weight. »* • • 

The International Atomic Weight Committee in 191 1 adopted the valm 
39’88, which is still (1917) to bo found in tlufir table. The density measure 
ments maile by Scliultzo in 1915 indicate that Ihk figure is tob^lov 
(see p. 337). , 

v>Application. — Ar^on is used for filling certain typi's o[ i^letal filamen' 
eloetric lamps ^ ^ 


^ Walden, Zeifuch pJii/ftiJcal. 1909, 65 , 129; g.iiy and Dunnaii, Chem 

Sue,, 1902, 81 , 914; Rudorf, Anib. Hhxfsik, 1909, [iv, 20 , 751 ; Crominehn, Proc, Chem 
.S'oe., 1914, 30 , 248. ' • 

^ In this connection, for the aiialy.nis of argon-nitrogen niixtun's, sm- Hamhurger «in 
Filippo, Chem- Weelihlad.,'^\^\, 12 , Zntsch. avqru ('hem ^ 1915, 28 , 75; Holst am 
Hamburger, Ptoc, K, Ahut, Wilensr.h. A m^ferdavi,, ]9](», 18 , 872. 
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, KRYPTON (Kr). 

I|Jistoi:;y. — Krypton was discovered by Ramsay aii^l Travers in the 
residues Trom the evaporation of a large (juantity (dO lilies) of liquid air 
used for the liquefaction and isolation of argond From tliese residues a gas 
was obtained which had a density of 22*5 (H ~ 1), which had the ratio of the 
specHic heats, Cy(J„=KGG, and was therefore presumably motialfomic, and, 
further, gave,*^’ entirely new spectrum. This gas was named krypUm (^•pu7^To^', 
the hidden one).' <• 

Further investigation of these heavy residues yielded yet another ^as 
having a density of about 65 and a spectrum distinct from bliat of the other 
leases : it was named .tenon (^cVos, the stranger). 

< Ladenburg and Krugel evaporated a larger quantity (850 litres) of liquid 
air^ collected the least volatile residues, reliquefied thii^^gas at the tempera- 
ture of the liquid air, and fractionally evaporated the liquid. Their results 
confirmed the^ conclusion of Ivanrsay that two inert gas^s, denser than argon, 
existed in small amounts in air.“ , * 

Occurrence. — Krypton occuri* in the atinosqjhere.to the extent of about 
1 part by volume in 20(000,000.^ , It l^as also been detected Bpecti'osco](ftnfilly 
in the gases evolved from tw'enty-six mineral springs in France.^ IX. e amount 
present is 1-2 times that in hir.^ 

Isoladon.—^itherto krypton h.is been obtained only from the atmo- ’ 
^sphere, and the methods that have" been used for its isolation wilj now bo 
described. # ‘ „ *' 

A mixture of krypton with xenon and traces of other gases may <be 
obtained froni' liquid air by allowing the more volatile constltuerfts to 
evaporate (vide mpra). A better method consists in passing a stream of, 
dry air free from carbon dioxide through a spiral tube filled with g^ass-wool 
and cooled in a bath of boiling liquid air. The pressure of tlie air'^p^dn^' 
through the apparatus is reduced below the vapou*- prossui'e bf krypton* at 
the temperature of the bath, and, un»ler these cOiiUiCions, impure krypton is 
deposited as liquid (or solid)^ in the tube, together with kenon fmd a little^ 
argop.J ' ^ ^ ' ' / 

* Ramsay, Ber., 1898, 31 , 8 ltl ; Ramsay and Trav* 's, Pa’c. 7;«i/ Hoc., 1898, 63 , 405. 

® Ladenburg akd Krugel, Sitziyrigsher. K. Prmss. Akad., lS) 00 , p. 727. 

Ramsaiy^ Broc. Roy. HoCi, 1903, 71 , 421 ;^190/i, A, ko, 69f. ^ 

Moifl’eu and Lepape, Oompt. rend., 1909, 149 , 1171 ; Moureu and l^nuard, Coinvt. 
revd., 1906, 795. , ' 

® M(5feren and, Cepape, Compt. rend., iMl, 152 , 934. ' 

“ I>ewar,'‘Pr£c. Roy. 80 c., 1901, 68 , 862. « / 
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jx luugu^ su^firiiuoDior Krypton from xenon may bo effe<fted by^^^jtaking 
a<fvantago of the diffcreiice between the vaj)(|ir pressi^^res of ^liOBOi substances 
at the tempemture of liquid air (IJ nun. and 0'l7 nun. respectively). From 
the mixture of solll krypton and xenon a gas co^bistiug chi#fly of krypton* 
with small traces of argon, m»y be pumped off. Some^ krj5)itm may bo 
retained below the surface oi the solidified xenon, but tliis can He Ire moved, by 
alternate vaporisation and solidification of the lu'avier gas.^ « 

, The cooked charcoril method {cf. p. ;124) is als(fa])pli(Miblc fo the isolation 
of fairly piire krypton and xenon. It is found that if “atmos^dieric ’’ argon 
is subjected to the action of cocoannt cliarcoal cooled to a temperature ol 
- 120° G., the whole of tlic kryjiton and xenon and some aigon are lilisorbed. 
By placing tlie first charcoal bulb in connection with a second cooled in liquid 
air, nearly the whole of the argon can bo reffioved. If the t('m[)eraturQ of the 
first bull) be then allowed to rise to -f^O" C., pure kryptoy is evolved, while 
at higher temperatures (up to 0° G.) a mixturo of krypton and xenon is 
obtfiincd. This mix%ire may be freed from krypton by coiidciisj^ii^ it 
charcoal cooled to - 150° G. and then putting the first bull) in connection 
with a second cooled to - 180° : the kryjiton then passes over and condenses 
in the charcoal at the lower tcmjieratnre, leaving the xenon in the first Juilh. 
The two gflses are then liberabid separately from tlieir respeidivc bnlb^f by 
allowing thorn to warm up to tlie ordinary tempiu’atuie “ * 

The crude krypton* obtained liy any of tlieso mctliods iiTust be ymrified 
further in order to fit i4 for the determination of physical constants. This 
can only be done by some process of fractionation, a good exniiqilo of which 
is found in the work of Moore.^ 'fhe residmis frem the u\aj)oration of 
120 tons of liquid air wore first fractionated at tlie temperature of liquid aiir 
(vide svpra), and the i^ipure krypton thus obtained w'as condensed in a bujb 
cooled to - 180“’ C. in a ITath of liifuid air and light petroleum. Tliis liquid 
was fractionally evaporated, and the tliieo fractions obfjiincd .wore further 
fractionated in the manner tndicated yi the following diagram: — 


• * 



^he fractions 4, 8, 7, and 10 wcie rejected as possibly Containing argon or 
xenon, ,whilp fraction 9 was taken as pure krypton. ^ 

Properties.— Kryjiton is a colourless gas. It has not been stated 
d^finitcly^vv bother it has any odour or taste, and indeed nt is^^ossiblo that the 
ejiperimcj;it^ias never been tried. Tliere is, lioifever, no reasoft to suppose 
thfl,l4V differs yi yds rcsjiecf from flie other members of the grouy). 

The dcnsitif of kryptott*w;us originally determined by Ilamsiay and Travers, 
but as fho^ had yii their* disposal onl^' c.c:^ of gas, weighing about 
^•045 gram, thejr r#sult#va9, lyiitnrally, only apfifoxirn^ije. Tho valpe of this 
constajjt was redotermified* with great can; by Moore, usinf*»fractions 8 ^fld 9 
of his gas obtained as describeil above. lf»action U \^as further refractionate^l 
_• • 

^ fiaiiisay'an(4Tra<fr.s, PrSc. Koy. .SV)r.f 1901, 67 , ^29; Livcfiis and I)cwar,*tV>?’<ji,, 1901, 
68 , 889 ; Moore,* Ohm. ^oc., 1908, 93 , 2181 ; l^oc. Roy. So \, 1908, A, 81 , 196. 

2 Yalentii|Br a'iid Schmidt, Sitzi^igsbcr. K. Alai. fFiss. Berlifi, 1905, 38 , • 

^ Moore, Tra^, C^TfU Soe., 1908, 93 , ‘,J*roc. Soc., 1908, 
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ten iiniss by Jlamsfiy and Cameron, and thetdensitj of their final pro<fbct 
determined, ,The valu| found in the mean was 4,1 'SCM) (0 = 115),^ ie. the 
weight of a normal litre (fi krypton ^'s 3-708 grams. / ’ . 

* The compressibility of krypton has been measured by E^msay and Travers 
at consider^bVe pressures (over 20 metres of mercury) : ^ their results shmlir 
that the VFJae ol ^?jfdecroasos mark^dy with increase of pressure. From 
^ critical discussion of the available data,^ it seems, probable that at* 0 ° 
and between 0 and 1 , atmospheres tho compressibility^coefficient of krypton 
is 0-00215. • 

^ Assuming the accuracy of this figure, and calculating according to the 
method (?f limiting densities, or calculating by Guye’s method of critical 
constants for an easily liquefiable gas, wc find for the molecular weight of 
kryptop the value 82 * 92 . ' 

Tho solubility of krypton in water has been determined with two samples 
of the gas.^ The mean result obtained for the absorption coefficient was 
^’1249 at 0°, 0-0788 at 20*, and 0*0823 at 50*. If th^ solubility be plotted 
againsC 'fomperature, the curve shows a distinct minimum solubility about 
30*-40“ C. 

TJie viscosity of krypton has boon determined by Rankine with tho 
apparatus described uftder Helium (p. 309). At 10-6* C. it lias a value 
1-^1 times. t.hat of air. Its value at 0* in absolute (C.G.S.) units is 2-334.® 
If the increa!?h ff viscosity with temperature follows a .linear law of tho type 


then 


rjg=^y]^{l+IS0), 

10® = 308.® 


, The refractimty of krypton was first determined ]by the discoverers, who 
found it to be 1-449 times that of air.'^ J.iatcr diftorminations ^ have given 
tho value /a - 1 = 428-74 x 10“® at N.T.P. for thS green mercury line 
(X = 5461)j and its dispersion at N.T.P. is givcfxi by 


where 

and 


p- r 1 = — 2 — .p 
C = 10-6893 X 1027 
l?k767-9 X 1027. 


The passage of un elect! ical discharge through a vacuum tube containing 
krypton causes tho emission of light of a pale-violet colour.® It is^ fotind 
that the spectrum of this light is profoundly influenced by the nature of tho 
discharge. That obtained with tho direct discharge has few lines, the chkif 
oi which are in the yellow ?.nd blue, with a group in the greeip; that segp 
when a jar and spark-gap 'are used shows a large number of Jines in th4!H>hie. 

f, ^ 

^ Moore, Trims. Chem. .S’caolOOS, 93 , 2181 ; »/., Watson, ihiil , 'iClO, 97,,3‘f3. 

^ Rainey and Tiaversj iVa/. 1901, 197 , 4\- Troc.tRoy k'oc,, 1901. 67 , 329. 
Watson, loc c?4. , • ' ' / 

i * Antropoff, Pror. Hoy. Hoe 1910, A, 83 , 474. 

* Rankine, Proc. Hoy. H<n.. 1910, A, 83 , 616. i 
« Rankine, ii'H , 1910, A, 8 j*, 181. ^ 

Ram^y and Travers, Pury. Hoc., 1901. 67 , .729. t ’ ^ ^ 

® C.*and M. Cuthbertson, Proc. Hoy. Hoc., 1910, A, 84 , 13; cj. C. '■fiuthbertaon and 
Metc^fe, fWfi., 1908, A, H 411 ; O', ai^d M. Cuthbertson, ibid., 1908, A, 81 , 440. 

® .Bura^y^|ji& Travers, Proc. (Soc,, IWh 67 , 328, , 1 



KRYPTON. 


^^Tist^of the principal lines 4n the visiblo*part of these spectra ^^iven 

Accurate determinations of the W 4 j,ve-le^gth 6f certain krypton lines, by 
comparison wfth tl|^e red cadmium fine by an interference mq^hod, have l^en» 
made. 2 

• • • 

• * • ^ 

FIRST KRYPTON SPECTl^UM. (Uncondensed discharge.) 
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Intensity. 
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* Probably the green auroral lino. , 


IND KRYPTON SPECTRUM. (Condensed disch^fg.., 
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this* comicction it is of interest to nofe ^hat the spectrum of ttie 
mrfim 6o)’eft^ia»ccii tains a jiumbcr of strong lines, all of which coincide exactly 
dth prominent lines in lyh^ spectrum of jirynton.^ ,ln parti(?ular this is true 
the line V=&57(^,* which is known to persist iii ^le s|)ectrum of krypton at 

)res8ui»s a^lowf atmosphere. The pressing* of atingsph^ief is 


^ iee Baly, Proc. Roy. Soof, 190;ll 72 , 84 ; f^/nV. Trans?, 19(13, A, 202 ^ 183,; t/. Liveing 
.nd Dewar, Frq^. RojflSoc., 1901, 68, 360: • 

® Buisson an(i;Fabry, Covt'p}. rend., 1913, 156 , 945i 
* Liveing%n(kDcwa>; Proc, Rof. .S'or. , JOCW , 67 ^ 467. 

• • V • * 
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of this girder of magnitude at a height of 80 miles, a j^eight within the limits 
(50-1^5 mi^e?) At which tho aurpa has been observed, it is har9ly possibte, 
then, to avoid tho conclusTon that tin i^orthern lights are d/e, in part at 
*least, to the presence of krypton in tho atmosphere.^ Tl>le nfeasurement of 
the intensity of the lines of the krypton spootriim has been used to estimate 
the propoftidn prdsert in various spring gasps.^ The Zeeman effect in 
^rypton has been investigated by Lohmann.^ 

Krypton is easily lujueffied at temperatures abovcr that of boiling liquid 
air*, it boilil at - isr-f C. The vapour-pressure ratio is O'OfoT (p. 294, 
/’ootnoto). The density of tho liquid at its boiling-point is 2 155 grams 
per C.C., *A^hcnce the molecular volume- 57‘81.^ 

The critical temperature of tho liquid is - 62‘‘'5 C., and its critical 
54*3 atmospheres.'' ' 

may, be easily solidified by cooling in liquid air: it melts at 

p The specific heat of krypton has not been determined, and formerly, the 
only data available as to tlie ratio of the specific heats were obtained with 
mixtures of krypton with other inert gases. This ratio has now been 
deter;mined with a sample of pure krypton ; the method used was that 
described under Heliuril (p. .316), and the following are the data obtained with 
air and kry*:^o7i examined successively in the same tube : — 


pressip'e is 
Krypton 

1 /?r\o 


' 

Tmpn'a- 

tare. 

Half 

IPavc-Length. 

Ikiisdii. 

j Air 

19" 

27 92 

14*48 

Krypton 

19* 

18*13 

, 41*46 


Hence for krypton the ratio 1*689.'' 

Atomic Weight: —It is believed that krypton has a monatomic nr,lCcule 
and that tho atomic weight is, consequently, identical with tb^T^imolcciilar 
weight and =82*92 (p. 34b). The reasons for this belief may be summarised 
briefly ac follows 

(1) .The ratio of , the specific heats at constant pressure and constant 

volume approximv.tes clo.sely to 1 *667. ' 

(2) Tho general properties of the gas indicate that it sfiould occupy a 

position in the periodic classification of the elements between 
bromine (at. wt. -80) and rubidium (at. wt. = 85*5), a position wi|ih 
which the atomic ^weight given above is in agreement, ' 

(3) The positive ray- method of analysis indicates that 'The ^s.'Is, 

monatomic. ' < '^ * " 


' See 13aly, loc, cit. ; Pago, Phjs. Soc., 1912, 24,^38. 

® Mourju and rcjid.. 19J1, 152 , "i c 

^ohmaiin, Zeit.-h. friss. Pliotochem.y 1908, 6 , 1, 41. c ' 

^ * Ilamsay and Travers, Pro(, Roy So^., 1901, 67 , 829 ; Phil. Trans., 1901,k;i97, 47. 

* Ramsay and Travers, lOc. cit . ; cf. Mfiore, loc. cil . ; La<?enb?irg and Kriigel, Sitzungsber. 
K. Preiis^ Aka&% Wiss., 1900, 212. 

* RjmsAy, Proc. Roy. , 1912, A, 86 , 100, 



CfFAPTER VI. 


XENON (X). 

Aenon was the last gas to bo discovered by Ilaiiis.iy and Tr&vejf 
WJthe least volatile I’osidues of Ihinid air. A brief account of the miftlner c 
discovery ha.s been given under Krypton (p. 34G), and the reader desirOu 
,o| more detailed information is referred to tlie original menioirA 

: Occur?ence. — Xenon is present in the atmosphere to the cxten%*C 
i.-roL in 170,000,000 vols. ; and is thus the least abundant of tke ipert '^.ee 
Nevertheless, the atmosyhere is the only available source of xgicA? In vlei 
ol considerable solubility of xenon in water one would naturally expOjSI 
that, it would, be djssolv^ by the rain and would ultimately its way int 
Spring- and river-waters ; it has now been shown that xenon does exist ill th 
^seS evolved from many mineral springs ^ 

ISOlEtion. — Hitherto xenon has usually been obtained along wit] 
krypton in the heavy fosklues from the evaporation of largo <piantitie& c 
^qidair. The mixtun^is fraelionated according to methods described uiiSle 
^ypton (p. 346^, and the lr*aviest and most easily condeusod fmetions ar 
fairly pure xenon. , • ^ 

mfiy also be olit lined from pure dry air, fre* from carbon dioxidi 
r«, by the simple plan of •[lassing it, under suitable reduces 
pressure, through a s})iral tube filled with glass-wi^il immersed in a bath'o 
liquid air. If the conditions are carefully regulated ft is possilHo to bbtaii 
the greateyiart of the xenon present in 4ie air condensefl ifs a solil in 
giass-wool.^ t * • * / 

]Jii]enon is mofe easily purified than krypton as il is always accumul^teCit 
the eqd ^raciiions. Moreover, tlie vapour pressure of tho solid at ||lie teinpei^ 
liquid air is so small (0'17 mm.'^ that all other gases may be puQCipi^ 
from ik It is usually found that while the greater pa\t qf tho 'moVi 
ml^ilo gate# may be removed in one operation, a*siiiall portion is occlt^ 
iy tfm tlolid ienon# If, bo^^cver, the solid be allowed to warm up and^tliii^ 
cooled, the occluded igijs m liberated and can be jumped 

- — }4ifhon ia n. mlonrlftsia crua * Whnfhpv or ' " * ^ 





ilfosS of^ iMdQes ffeT 3 ftitn e:mpiMpJtiob of- 
X0jabk in ijuantity sUfScient for 

TRese residues were freed froc^ krypton and 'uwoi; 
of liq^:iid air (Me swpra^^ and the- impure xenoR “ 
r^yis'fi^etioDated at - 130^ C, The mean of two determinations madiaf k^i 
^ fraction :gave for the density tlio value 65 35 (0=* 16),^ a no^^t-i^^, 
Ittraof xetion weighs 5*851 grams. 

. . The compressihility of xenon was investigated by Ramsay and TravefS ' 
«Y.), wh6 found that the value oi pv decreased very markedly as the pres8\)£^^' 
itVereased. This behaviour is, of course, quite in accordance with the fae,^,i 
tjiafc fhe critical temperature of' xenon is abo\it the ordinary temperature, at^' 
which the experiments were conducted. Calculating according to .Gnye'fit’. 
rnethod of critical constants, wo have for the molecular weight of xenon 'the 
Talue 130 * 22 .^ From this result it can be calcidat^d indirectly that > 
‘and $efween 0 and 1 atmosphere the compressibility coefficient is equal io 
+'0‘00690. 

Xenon is relatively very soluble in water, its absorption coefficient bein^ 
6‘?it89 at 0* C. and 0*0878 at 50’ C. : a point of minimum solubility occurrin^'^ 
-1^ about 4Q’ C.^ 

' The viscosity of xenon at 0’ C, is 2*107 x 10~* and if its variatioU with | 
,, temperature is given by the linear eejuaiion : ' ■ , 


itlien* - 


/j-=3*39xl0-» 


< The refractivity of the gas for white liglit \Yas originally found to be> 
2'36:ll times that of air.^ Later determinations have given the valw' 
, 74 .-* 1"!* 705 49 X 10"® for the groeii mercury line (\ = 5461). The dispersion 
is given by the equations : « 


^ ,-l=0,000§823(_f^^4 








2 _ «2’ 


.-where'C X 10"“^= l‘ii2418, x 10"^^ = 8977*87, and is the frequency .of 
; tRS light.® ' ‘ ' I * . 

The passage of au uncondensed discharge through a vacuum tube cd'ntaiping 
Vexation eauses the emission of light of a sky-blue colour;^ if a spark-gap. 

lieydieh jar^be interposed in the circuit the colour of the light changes to 
^ 'This, change is similar i,n character to that seen under similar n^ditiotic* ip 
l^felipion lind krypton; and xenon, like these gases, has t?yo spijctra^ * A’l^t 
thPTnore pi eminent lines of xenon is given Je,low ® : — . ' ' % 

2 1 — 

frans, Ctmi. (S'oc.;''l'908, 93 , 2181 ; Wri,^son, tiJrf,, 19*0, , 97 , “ ‘ ' ' 

jS'oc., 1910, 883. 

r 5 4ntw>poff, Proc. Roy. Sog., 1910, A, 83 , 474. 

Roy. iioe% 1910, AV34, 181. ' 

Eali^y-ftcd Travers, loq.oit. ^ ^ " 7 

Cathhertcon, Proc. Roy. Soc., ?90a, A, 81 , 140; 

Proc. Roy. Soc.^ 10OL 67, 829.V , " 

I'SOS; A, 188 ; 8e4 also ^Uveing. and 



' SECOND XENON SPECTRUM. (Condensed discharge.) 
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4rhe Zeeman effect in xenon haw been studied iTy Lohniann.^ 
t ' TMe*rati6 of the specific heats of xenon has been determine^ by 


’ft'i^pqrfitiig to Kundt’s method. The following data were obtained : 
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^ Zeitsch. 7 , 800. 

Proc, Mm.fihe.. 1912, A, 86 , TOO. 





CHAPTER VII. 


NITON (Nt). 

tt^i^pry. — Tho nam(^ niton wag given by Cray and Ramsay 

Its history is, naturally, closely involved witli that of 
iS^ Badiuin, Vol. III.), but it may be mentioned here that its discove^ 

Horn.^ It was early recognised that this product of the radio^^ti?' 
^^difflotegfatiou of radium was a gas, and resembled the inert gases in 4 t 
'jftldifierence to platinum- and palladium-black, lead chromate, iflinc and aia|j 
-powder, and nmgncsium and lime at a red heat, ^to phosphor^j 
.'blaming in oxygon, and tf» sparking with oxygen. ^ ^ 

^’ ^-,Vi^hen, by the* remarkable experiments mentioned lateP (p, 357), it 
l was determined and tho molecular weight thereby found to be^boii' 

it became evident that, were it a monatomic gas, it would find a plao0 ii 
periodic classification in the group of inert gases and in the same B^r|^ 
''ml*^ftdium. It has since b5en founcVthat its other physical properties ac(^ 
with those to be Expected in an inert gas of atomic weight 223 (sd 
-♦'fctbl© I., p. 294), and nitoit is now, by general consent, given a jilaoa be 
Group ,0. • • * • 

^'-^ •"•^CCtirrence. — Niton doubtless occurs ii^all radiurf! minerals; but M il 
|ctQ(l 5 j^gdlS riirfioactive change and only a minute amount can be present, iti 
©^ilibriufn with the small quantity of radium, it is hardly surprising tto Ijl 
Siis. hot hitherto been detected. * , ^ • ' V!* 

'v is undoubtedly the case that some rtidioactive substance is pr^Ut 
’lt||l 5 ^^ 4 tuiosphoro,,becaiffee a negatively charged wife^exposeii to air acqijir ^^4 
•3pii^i4ft4tiTe deposit which can be removed thence by solution in ammo|d 4 /‘.^ 
Observations on the rate of decay of this deposit kidicaw 
^ the presence in the atmosphere, of the emanations^of thoriUto'iliEid 
ppiiini* deUved from thorium and radium contained ip tho soil.® The 

niton and thorium emanation preserft in the lowe? U ‘ 
S&P^O|^her 0 *ap{)ear to lie very variable,® and it has beon^found : 

' j - y j • — I 

^ ‘ tinft* proposeck to call this substango ufarrarfi'e ; Ramsay ' 





) ; ^Ramsay ^nd 3^ 


m* 0 

0es.yUriIan9a.S.,\m. 

Soddy, Fhxh Mag., 1902, [vi], 4 , 

■^4'. W • a * * * , 

1901, |r6, 690 ; Ri^therford and AHan, 
1904, (vl.> 7 , 140. ' • : 

tm, 205 ,. A, 61 Gockel and Waif, Physm, 
:^Cam:mLSp<^, 1912. l5.6li. ^ 

Wileon. ^hf.. I W rLv» 




W' 

S^tplft, iii thp^penntne$, 'at ft-.lie%bt^f $S(}0 
atmospliei^c^ activity due*' to thorlufi varies, 29-73 
gone^Ht may,be said that thorium etifauaCion ptcpondlfratSs in 
levels of tji© Atmosphere and niton in the hjgher levels. . ^ 

^ The 3^,otint 6feniton present per cubic metre of air is approrimatpJji^ "■ 
which would bo in equilibrium with 1^0 x 10““ gm. of radium.^ / v , / 

^ Isolation. — Niton is continuously formed by the rad ioactive, change o|y':* 

radium and* its salts under all conditions. Solid radium salts Always Velain.^ 
,the whole of* the niton — presumably in a state of solid solution,— -but th^;, 
^eater part of the gas may be driven out by heating to about 800". The 
proportion retained decreases as the temperature is raised and is indepepdeni^" 
.of the duration of heating, huh varies much with diflbreiit .preparations.® 
The niton may be pumped away directly, but the amount usually handled 
ds 1^0 minute th^tt it is necessary to wash it out with another gas, e.g/ 
^oxyg^n ' \ 

when an aqueous solution of a radium salt is Kept in a closed nask 
nilJon is evolved, together with oxygen and hydrogen produced by the 
‘ decomposition of the water. The amount of niton increases rapidly during 
thyp 'first few days aiwl afterwards more slowly until, after about a mouth, 

' the maximum' amount which can be in Cijuilibrium with the radium present 
Is leached. ' , * 

The hydrogen produced is about h-lO per cent, in excess of Chat 
eqyivalent to the oxygen present : this is probably' due to the action of the , 

' penetlating rays of radium, which bring about the conversion of water into 
hydrogen peroxide and hydrogen.'* On exploding the gas, all the oxygeir 
and most of the hydrogen are converted into water. If the residual gas be 
passed through a copper or glass spiral cqolcd in liqiud air, the whole of the 
niton is condensed, and the residual hydrogen, togrther with any helium 
produced by the decomposition of the niton dvring the time it has been iri 
.the flask, may be purnpod olT.^ ,A similar method may be used to condense 
‘ nitop from air.** Tim gas thus prepared usually contains a small^\m/>unt 
of, carbon dioxide produced by t'ue CAidation of adventitious or^anit matter, 
but this can be removed by prolonged contact with baryta. 

The amount of niWn whicli can be obtained from radium is very smallj’ 
83 ivill be readily realised from thq fact that the maximum amount that can 
' be in equilibrium with 1 gram of radium is 0‘585 rubic ram. atN.T.lV. 

/ Special methods have to be adopted in manipulating such minute quantjities 
of gas, but 9 pace does not permit of their description here : the reader who 
'■* is specially interested is referred to the original memoirs. 

Propertied. — Niton is a gas. This can be said with certamty, aa.dt 
''ban be manipulated as ci ^as by means of a Tbpler pump, caii be seezf ta 

' ■ ■ ... I 

^ Fhysikal. Zeit3^h., 19^^ ii, 227. ' • V ; .'l 

' * Ashuian, Amer. J. Sci., ]908, [vi.], 26, 119 ; Eve, piiL Mag'^il907, [yi.], 14 
. 1908, fvi 1 16, ; Satterley, [li.], 68,4 j 1^,10, [yi.], 30, X, 

'll -f' ,'?.JColoWi‘at, Le^Hadium, 1909, 6, 321 ; 7. 266. t ' ‘ i ‘ ‘ 

4 - ADfibierne, Compt, rend.^ 1909, 1^48, 703 ; Le Radium, 1909,^ 0,v 66,; 


liCorn^. 1909, 148 , 765 ; 149 , 116 kid 273; Ia. 6 , 226., . . yi, ' 

’ '•^Samsay aiii Collie, Proc. ^oy. Soc^, ^904, 73 , 4/0. ‘ ,v 

; 'A,8h'hi^n, 7o<f. a'f. < c c ; ; 

’-E^h«rford, Phil. Mag., 1908, [vi.], 16 , 300; Ruthei^ord ana, BoUirpOd, 

1909, 5 <, No, VI.' ; l^utherford and G^jiger, Pm. j8i^,4908, 
Value)/, Gray and Ramsay,'' 2V'<in«. 95 * l073 

190:9, 148 , 1264 ; Ann, Phy^dv, 191§, [ix.], ^ If ‘ ' ' ' ' ^ 







(rf, 4 gMihibtfgh the gfass tubes of th^ -«vy 

35b|^^ lawi^.^iid cati^l^^ and solidi^j^ bty o(K)litig.^ ' K w ool^ifWi 

a • 

:./-"The 00 the gas has been determined by direct lyeighfng, bn * 

i^icrobalancie sensitive to 2 x 10 ^® milligram, with a wei^idit of ftjitort’ of. t^i( 
Oi^ey -of YS^ ragm. : th» mean 0 % several oxpcrifhcnts ga*vb the ^lti< 
ltV5 (H=lj.^ Thk figure is in general agreement with the results ^ 
the effusio’^ experiments of Deiuerno^ and Perkins,® ft^hich gave the Values 
no and, 11 V-5 respectively.’’’ •' ' 

‘As radium (atomic weight = 22 fi- 0 )^ is transformed into nitoij with thi 
loss of one a-particle, and as the a-particlo is believed, on excellent grotnids, 
to be identical with the atom of helium, it is to be expected that the atonalc 
weight of niton would be 22G‘0 - 4'0 = 2?2 0. This figure agrees wbll with 
the molecular weight calculated from tlie denjjity determinations quoted 
above , the one adopted by the International Commission is 222 4. 

•Niton is soluble gin water: its absorption cocfiieient is appwlmatelj 
0-5 at 0^ 0'3 at 15’, 0*27 at 1H7 0*23 at 20V and 0T5 at 40“,’® and ^hua 
has a largo temperature coetficient. Above 70° C. the value of the absorption 
coefficient becomes very nearly constant and approximately equal to O'Jilld’ 
It is rnucli more soluble in organie li(|uids, except glycerine, as the following 
values of tlie absorption coefficient at 15“ C. indicate: — * ^ 


* Kthyl aleidiol , . 7 2 

Petrol cun* . . OT) 

Toluene . . 11*7 

Clycerine 


Amyl alcohol . 
Aniline . 

(^arhoii disulphide . 


0-21 


• * 7 

It is less soluble in salt solutioif than in pure water, and Henry’s Law la 

followed exactly in every case.’- • 

,When subjected to an electrical discharge, niton gives a distinbt 
^e^ctrum, ^hich is the? same* whether th# discharge Js direct or oscillatory, 
and^j^^pears to be of the same charo^ter*as the spectra of the other inert 
gases.’^ ’Jiiere is, however, some evidence that the relative intensity of the 
I lines may vary with the pressure. The niton spectiyim disappears after th “0 
discharge has been passed for three to five minutes, giving pla(» flrst^to 
the prinflry, and later to the socondary *spectrum of hydrogen. The source 
*pf this hydrogen is not definitely known, but A is vei-y probably ocoludbd 


j and Soddy, Proc. Roy. Soc,, 1903, 72, 204. 
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; . Jhd fi!<st m^ui^^ents virere mB 
jfe^ed 'tlito &' wry strong and porgastent/Und,' X » 
strong Ii^"^een,J)y Tickering^ hi the spectrum of lightning,. 
thimetou6''aCteniptk have been madt^to map the‘ spectrunv by 
photographic methods.^ Tiieir results are summansed and pnpgeme^.^ 
dthhew ^ata in a i^^pcr b^ Watson,'^ which should 1x5 consulted) 

information on this point. . t 

’ ' ’Nothing is known as to the ratio of the specific heats of iiiton,^?th| *^ 
mOnitomfoity of its molecule is to be iuferrcd from the egreement befcWW, 
tlm atomic weight calculatcid ou theoretical grounds and tlie lnojeotite;. 
weight deduced from its gaseous 'density , and from tiie ; 

of Aogas obtained from a given wciglit of radmm agrees with that caloulSMt^ 
on the assumption that the molecule of niton is monatomic. 
r -The minute amount of emanation usually obtamedcis found to eond^nse > 
and vTktilise sharply between - If.l!' and -154»,lmt with larger amounte; 
it has been found possible to detcnimie its vapour pressure at vatious,. 

*^“[ts“oriUcal temperature is lOf 5, and its critical pressure is' 62-6 aW f 
fipfiefea, It bails at - 62“ and freezes at - 7 1 and its vapour pressure at tto . 
tatter temperature is 500 mm. Wlien examined under the microscope, the. 
liquid 'is- seen to lie colourless and transparent; its dpusity is about 6 the 
wUd is opaque, but its colour eaimot he seen ou account of its intrinsic 

.'^Niton^is ahsnrlied iiy eocoanut eliarcoal at the ordinary temperature, .and. 
ta^again evolved at liigher temperatures, and tliis faei^pnay he utilised in «» 

*™”R^dioartive Change of Niton.— The property of mtrmsic luminOBl^ 
is oharactcristic of niton in all states aggregation, and 
tha . energy Clianges wliich acconqumy its disintegra-.ioii. Iht mtcnsity^^ of 
dhd phosphorescence iff greatest i,u tlie solid- possihly because of t^ 

'Volume oocupied--biit botli tlic gas and tlio liquid g ow strr igly. aiie, 
"dolouP of the light emittedV the solid varies from steel-hlue at the melting;, 
4oW to, oraiigired at ‘jowe; temperatures.^ Heat is also given out dnrihg- 

■■ '^ ThTSmious”:un^ Of energy is also shown by the slow decom^^ 

’tioh.of carbon dioxide, carbon monoxide, ammonia, hydrocliloric aci,d, tlS^ 
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itie^ements bf tijfi cw^ti'grou^( 8 rfi!^^^ 
are^sr/tjj 8 cte 3 to' tle^aetion 


,,-^^i46;{8rj5tI^4ys"'j& This suggests a po^ibility that? t^ete pay 

of tho.moleculos i>f these elements with fo^atlorj^f ,iiiifhonj‘; 
ili^.l^West member of the# series.^ ij^iton will cause tie oxifljftion b|ywOf . 
^■^^Oury, and turns ordinary white glass violet.® k ,^'r 

Mt was ^t one time«8Upposed that a change of*coppcf into lithium a^ Of ' 
iiroter into noon had boon observed,'* but the validity of these ^bservatiofiB iSr 
seriously open to question.® , \ ^ " ‘ 

'tf- • Fpr one or two days after its isolation niton undergoes a slow contraotipo^ , 
'.tiS %bqut one-half its original volume ;? afterwards it slowly expands to abOtt|[^^;" 

times the original volume^ Tbis^change corresponds to a change’m , 
tho Spectrum, that of niton disappearing completely a|ier 3-4 days, And'': 
^giving place to that of helium.® ’ 

■: iThe cause of the 45011 traction is obscure, but it has been observo4.in 
vpamplo hitherto prepared, and i.s, pi'rbaps, duo to imj)uritie8. The ^ 
Expansion which lakes place afterwards imiy he sJiiisfactorily explained, ou tlA. , 



tlat if niton is con^^nu^l in a glass tube tlie wnlls of which have a thickhes^’-'' 
}e§8 than the riingo of i^s a-parti(‘les in glass, an accumulation of helium' can 
be observed in ili»5 outer space This supports the preeedinj explanation -of - 
the slow increase in volume, and further proves conclusively the identity oj 
tho helium atom with the.a-pavticlc The period of half-change of nit6n*i8' ^ 
3*'75 days.*^ ^ • 

■ It may be menlioned*hcre lli<at the evolution of luslium from radiunj/ waa'' 
first proved by Ramsay and .Soddy,^* and confirmed by Himstedtand Meyer: 
the statement that the •radioactiv^c elements are elements undergoing, 
Recomposition was fir«t imfde by Ceofit-ey Murtin.*® Assuming that 
g-fiartkles *are expelled during the compl^jte disintegration of one atom pf '^ 
raSi^; tV volimio of liclium prodimed per d^^ from I gram of radiunt 
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’^ouldSbe ,0-4S9 cu. Am. >t K-TJ?. i’ 

•amount haMo^given figures in agreempt, with this i; 

Its productinn during many other radiSactive changes 
' The whole riatter is one of great interest and importlnce. .** 

'been possiWe lo ^va a mere outline of the •chief f acts fier^, and th6 
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• ll2. • • , 
mmbiua, critical constants of, •131. 
<Jetermi«ation of density of, 2^.* 
deviation of^Jrom Bfiyie’s law, gO. 
physical data fo)^ 242. § 

prspa^ation •of, 266, * * • • 

‘solubilitjr of, WO. 

•rolnmetric analysis off 259. • • 

- r^ults 6f, 262. I • ^ 

DQmonium '%hkride, aryonydric point uf, 
116.. / 0 

effect of wesiure op solubility of, 107. 

..g ton 
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Ammonium hydroxide, ionisation ol^ 223. 
iodide, cryohydiic point of, 116. 
nitiate, solubility of, 104. 
tetraniurphous, 66. 
transition points of, 66, 69. * 
Amori)lious substances, 47. 

Amphoteric oxides, 198, 227. 

Anhydrides, 197. 

mixed, 198. • 

Anion, 202. 

Annerodite, 303. 

Anode, 202. 

Anorthite, 77. 

Antimony, atomic heat ofi|88. 
atomic weight of, 25, 88. • 

boiling-])oint of, 87, 

freezing-point curve of bismuth alloys o*f, 
119. 

melting-point of, 45. • 

specific heat of, 88. 
valency of, 285. * 

Antimony iodide, transition })oint of, 66. 

tia-chloride, association of, 1 52. 

A{>atite crystal, HO, 

^Xrgdii, a polymer of nitrogen, 293, 
absorption^of, by chaicoal, 108, 
an aIlotrope,X00. 

atomic weight of, 26, 274, 294,^44, 
(hoiling-noint of, 37, 294 
chemioBl inettndhs of, 341. 
critical constants 291, 841. 
density of, 294, 336, 
detection of, 344. • 

dielectric cohesiofi of, 339. 

Doppler effect in, 340.* • 

history df, 330. • 

isolation of; 333. 
liquefaction of, 340. * 

d ting-poi»t of, 44, 294. 

eculaj^weight of, 294, 837. 
offciirreifbe of, 3.‘U. • 

percentage of, m air,i631. 

t ieriodic table and, 274. 
diosphorefceait ell'ects, <41. 
Ihyfcical^roperties of, 3^6-340. 
refroctivity oL294, 838. •* 

solubility of, TOO, 294, 337. •••*, 

specific heat qf, 340. ^ ^ 
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Argon, ttWe of ^operties of, 294. 

■ thernlAl conductivity of, 294. 340. 
viscosity <294, 837. ^ 

Arsenic, atomic heat of, 88. 
atomic weight (ff, 26, 88. 
meltiiig-ppintf of, 45. 
specific he^t^of, 88 . , 

subliraatioh of, 87. * ' 

valency of, 285. 

rsenious oxide crystal, u7. 

rsenolito, 73. 

ssociation, gas'jous, 140. 

influence of pressure upon, 140. 
influence of temperature upon, 142. 
of liquids, 155-158. 

‘of water, 158. ' 

.itvacahite, 201, 221, 

.symmetry, 52. ♦ 

.tmolysis, 34. 

Ltmospli^^'e, Kohlrausch’s ionic, 218. 
mean composition of, 102. 
itomic heat, 86. 

variation of, witli temperature, 92. 
hearts, table of, 88 '89. 
theory, 15. 

volumes and the I’eriodic law, 270. 
weights, accurate dek'rmination of, 249. 
approximate methods of determining, 
233-241. 

Cannizzaro’s System of, 22. 
connection between atomic volumes 
< and, 270. 

Dalton’s system of, 16. 

, determination of, from gaseous analyses, 
231-233. 

early systems of, 17. 
first Berzclian system of, 17. 

Gmelin’s system of, 19. 
international, table of. 25, 
ionic mobility and, 217. 
modern system of, 21, 22. ' 

radioactive elements and, 282. 
relation between specife heats and, 
94. < 

' secoqd Berzclian systpm of, 18. 
systems ol Gerhardtand Lau’e'nt, 20, 
variation of, according to source, 282. 
Atoms, 21, 23. 
compound, 17. 

existence of, postnlatod by Greeks, 15. 

simple, 17. , 

structure of, 276. < 

Aurora bofealis, 297, 349. 

Available energy, 5. 

Avogadro's constant, 83. 

hypothesis, 21, 22. 

AJi^es, crystallographic, 64‘. » 

Axia^ gUncs, 51. 

ratios, 61. 

Axis, brachy, 64. 
clino, 64.^ ‘ 

' crystal^ogi^aphic, 61, 64. « 
di-n-g^t, 64. 
macrq '64 p ^ 

drtl^oi 6^. 4 ( 


BABo’5*.law, vo^, 114, 

Barium, atondc heafe of, 88. 

atomic weight of, 25, 88^ 

<- melting- point of, 46. f, 
specific heat of, 88.*' 

i Baa'um autiraonyl tartrate crystal8,*63 
[ chloride, molecular heat of, 95. 
specinc heat of, 95. 
fluoride, solubility of, 103. 
nitrate crystals, 53. '' 

sulphate, molecular ha||^of, 95. 
solubility of, 103. ^ 
specific heat of, 95. 

Basal pinacoid.s, 61, 63, 64. 

plane, 61 , 62. 

Bases, 198-199. 
dissociation of, 219. 
relative si rengths of, 221, 225. 

Basic hydroxides, 199. 
oxides, 197. ^ 

salts, 19(f 

Basicity of acids, 1 96. 

Bechhold filters, 81. 

Beckmann’s boiling-point method, 148, 
free/.ing-point method, 145. 
thermometer, 148. 

Benitoite, 53. ,, 

Benzene, molecular depression of, 209. 

nitro, depreswon of, 209, 

Beryl, 53, 61, 303. ' 

Beryllium. Set Glucinum. 

Bi-molecular, reactions, 184. 

Bi pyraimdal class, 52, 53. 

Bi•sphenoida^cl/' ss, 52. 

Bi-vanant sjtstems, 175. 

Bismuth, atomic' iicat of, 88. 
atomic V eight of, 2.5, 88. 

- boiling point, of, 37. 

freezing-curve of antimony alloys of, 119, 
freezing-curve of tin alloys of, 116^^ *' 
melting-point of, 45, , 

specific heat of, 88 
Blagden’s law, 121, 122. 

Blood corpuscles and osmosis, 126. 
Boiling-point, 35. ^ 
iletermination of, 
molecular elevation of, 148. 
points of elements, table of, '.16 -37 
Boracite crystals, 60. 

Boric acid, ionisation of, 223. 

Boron, atomic heat of, 88, 90. 
atomic weight of, 2.5^ 88. 
boiling-povit of, 37. ‘ 
specifu; h^at of, 88, 90, 
volatilisation of, 4& , 

Boyle’s laV , 26. 

deviifHons friin, 28 j- 
Brachy-dome, 83. 

Brachy-minacoid, 64, 

Brachy-py^atuid,''62.^ 
B^»’avai4-MillcrcsJ()4em,^ 8b, 

Brevium, 281, ' 

Brdggerite, 2f03. 

Bromine, (jitomic heat of, 8^ 
atomic weight of,^6f, 88. 
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Bkromme, boilkg-i^mt of, 
melting-point of, 44. • 
specific heat1>f 88- 
Brownian inovemi^it, 82. 


Dadmium, atomic heat of, 88. 
attftiiic weight of, 25, 88^ 

, boiling-point of, 37. 
freezing-cuTVo of mei'cmy Slid, 120, 
melting-point <%45. 
specific heat of, 88, 

Cadmium suljihhlo crystal, 53. 

Cfiesium, atomic heat of, 88. 
atomic w’cight of, 26, 88. 
boiling-point of, 37. 
melting-point of, 4.5. 
specifio heat of, 88. 

Dalcite class, 81. 

ci-ystal, 53, 61. • 

Calcium, atomic heat of, 88. 
atomic weight of, 25, 88. 
melting-point of, 45. 
specific belt of, 88. 

Calcium carbonate, dissociation of, 174. 
fluoride, solubility of, 103. 
iiti-atc, ionisation of, 21,1 
oialate, .solubihtv of, 103. 
sulphate, molecular heat oj, 95. 
solubility of, loj. 
specific heat of, 95. 
thiosulphate cry.stals, 62. # 

tungstate cry.stals, 52. 

Calorie, gram, 86, 163. % • 

Camphor, equivalence parameters of, 76. 
Oatie sugar, osmotic pressifre of i^itlutions of, 
124,141. • 

Capacity for heat, 86. « ♦ , • 

Carbon, atomic heat of, 88, 90. 
auir.ic we of> 26, 88. 
heat of conif’jistion of, 166. 
specific heat of, 88, 90. 
volatilisation of, 46. 

Carbon dioxide, coefficient of expansion of, 

• 28. . 
critical constants of, 131, 
ci y;ical phenomena of, 88- 39. 
deviation of, from Boyle’.s law, 28, 29, 
30. 

ditfus\)»n of, 33. • 

heat’ formation of, 165. 
liiefling-T^oints of, iindor pressure, 33. 
•olubility of,*’in*orgaiiic liauid.H, 100. 
8olu|^ility of, in water, 100« • 
sulphide, lieat of formation of, 165. 
enoxide,. Absolution of. b# cliarcoal, 

.108. . .* , r» 

ccfefficient o^oxpansion of, 28. 
critical constants of, 131. . • 

deviation of, from Boule’s4nw, 30. 

affu8i(mof,83.’, 1 * • 

heat ofTojInatioii of, 166. . 

, Bolubilit^f, 100 . ^ 

Cattibnic acid, iqmlsatiqn of, 223. • 
Ofttuallite, 303. 


• • 

Carnotite, 803 
Cassius, puride of, 8 
dCatalyCis, 188 
Catdyst, 188 
Catalytic agent, 188, 

Cataphoresis, 83. 

Cathode, 202. 

•Cation, 202. 

Cciitrc'syi^ietry, 49, 

Cfi’iuni, atomic lioal of, 88 
atomic weight of, 25, 88. 
molting-point of, 45. 
sj»eeilic lieat of, 8S. 

Charcoal, absorption of gases by, 108, 806. 
y,oniic heat of, 88, 90 
.specific lieat of, 88, 90, 

Cliailcs’ law, 26. 

(iliatolier’s tiieoieni, Ij», 178. 

(dieiuical affinity, 167. 
change, 3, Clmp. V. • • 

inllueiice of tciiipeiaturo on, 187. 
rate of, 181-186. 
combination, 9, 199. 
composition, 9. 
compounds, 9. * 
ciy.stallogiaphy, 70-75. " 
equilibrium, 169-1^1,. * 

Chlorine, atomic heat of, 88. 
atomic weiglit of, 25, 88. 
boiling-point of, 37. * 

melting-point of, 44. 

.solubility of, in water, 100. 
specific heat of, 88. 

Chromium, atomic heal of, 38. 
atomic weight of, 25, 88. 
l)oiliiig-point of, 37. • 

melting-point of, 46. 
specific heat of, 88, 
valency of, 28g. 

•Cintalwr crystals, 62. 

*Classifieutio|> of colloids, 81. 

of elements. See l*ait I. Cliap. VIII. 
Claude’s apj»ai€tu8, 325. 
audetite, 73. • • 

feveite, 303, 30^ 

Clinodom^j 63. ^ 

pinacoid, 64. 

Cobale atomic heat of, 88, 
atomic weight of, 25, 88.* 
melting-point of, 45. # , 

position, of, in pcriodic^lassification, B74. 
specific heit of, 88. , • 

Cobaltite, crystals of, 60* * 

CocUr lent of solubility, 99, 100. 

(^itfi, 48. 

Coiroid,<<7^ 

partb'les, moMoA of, 82. 

size of, 81. • 

j^lloidal cl«iiystry, importance of, 86. 

•solutions, electrical pr^ertiea ofi 83, 

* natiift of, 80. • 

preparatiol of, 79, 

Substances yielding, 79, 

• Tyndall tUt for, 80. • * f *,t 
ultif -mimacope and, SOf • • , 
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OoUoidiJ'btoto, ^ 8 . 

OoIloidsK'ibsorptiTe power of, 
ooagiilatioC. 83. " ^ 

classifteation of, 81. ^ 

* electro-negative,* 83. 
olectro-jpofitive, 83. 
incrgamo, ^5, , 

precipitation of, 83. 

4 valency and, 84. ^ 

Colour change, transition temperature and, 

. 69. ‘ 

f ionic, 272. *' 

Oolumbiuni, Atomic weight of, 25. 
melting-point of, 46. 

^mbination by volume, 26. , 

(jombinipg volumes, law of, 14. 

weights, 11-12. 

Complex ions, 216. ' 

salts, 200 . 

©ompoiraif ,s, 175. 

Compound atoms, 17. 

Conll)ounda, 9. 
general properties of. 
intermediate, 190. 

Compressibilities ,and Periodic law, 272. 
Corfaensed systems, 181. 

Conductivity, ei^uivfileift, 205. 
ionic, 103, 206. 

Periodic law and. 272. 
speciflq, 205, 
transition point and, 69, 

Conductivity cell, 205. 

Conjugate solutions, 102. 

Conservation ot energy, 6 . 
of mass, 4. . 

Constancy of arrgles, law of, 48. 

Constant, Avogadro’s, 83. 

crystttllograiihic, 51. / 

equilibrium, 171. 

ionisation, 222 . , 

of weak aciils, 223. 
radioactive, 183. 
ftydberg, 234. ^ 

yniveraai, 234. ' * 

velocity- 182. ( 

Constant beat sumra-atiop, 162. •- 

Constants, table of criti«’al, 131, 

Convergence freq^uency, 235. 
c iCooling curve, transition points and, 07. 
of iron, 68 . r f 
of water, 68 . 

Copper, atomic heat of, 88 , 92. ' 
atomic weight of, .-26, 88 , 
boiling-point of, 37. ^ 

melting-point of, 45. 
specific heat of, 88 . 

Copiw ferrb-cyanide mcmnr/.ne, 123. 
oxidey jnolemilar heat of, 96. 

^ specific, heat of,, 96. , , ^ 

pyrites, crystals of, 62. 
sulpljate, jrystalb of, 52, 64. 
ai 8 SQ(^tioo of, 213. 

_ Correapo^^p'g densities, 135. 

Critical ^(Cs&iAltaf method m reduction 6 f, 
* drS4.* ^ c • \ 


Criticial oonstapli, table of, 185^. 
phenomena/,87-89. (■ ^ 
pressure, 88. * 

' solution temperature, 1^. 

temperature, 36, “88. « • 

Cry « hydrate, 115. 

Cryohydrv' point, 115. 

Crystal, definitionjOf, 48, 76. 
face, 47. ^ 

indices of, ol. 
form, 60. w 

Periodic law and, 272. 
transition temperature and, 69. 

Crystalline substances, 47. 

Crystallographic axes, 54. 
axis, 61. 
classes, 52-54. 
constants, 61. 
notation, 61. 
systems, 64. ^ 

Crystallography, 47-64. 
chemical, 70-75. 
fundamental laws of, 48. 
gooraetrical, 48. 

Crystalloid, 78. 

Crystals, luiuid, 47. 

mixed, 72. , 

Cube, 57. 

Cubic crystal, 6^. 

system, 53, 56, 57. 

Cuprite, crystal of, 54. 

Cuprous chloride, molecular heat of, 96. 
specific hea^of, 95. 

'* 9 

Daltdn’.s hw of partial pressures, 26, 99. 
Decomposition, chemical, 1.59. 

- donblp,'’160. . 

hydrolytic, 160, 227. 

reversible, 160. 

Degree of ficedom, 176. 

Deltoid dodecahedron, 58. 

Density, approximate determination of' 
vapour, 136. 

doterinination of g/iseous, 130, v 

determination of vapour, at high tempera- 
tures, 138. c 

Duniaa’ method of determining, 136. 

Guye’s method of corresponding, 135. 
Uofmann’s method- of dutermii^ing, 136. 
method of limiting, 133, 262.,) ' ' 

Periodio law and, 272.^ , ,, ' 

Rognault’s method of determining, 

Victor fMi 7 er ’8 method of^ det?! mining, 
137. ' ^ " o 

Young’s ‘ mof^ificatitn for ' d®termi»ing| 

m. , 'o ' . . 

Dewar vacuum flasks, 42. - 
Dialysiui 78, c - 

Diamond, atf tnic ,pcat of, 88, 90, 92, 
ffy.stil form ^f,'t69. ** f.> 

specific hea^jOf, 88, 90. 

Diffuse series, 235. ; 

:Ditfusion,aaeoau3, 33* t 

I, %rahi|i3a .Blawof, ?o,<^83. 
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J^-liftxa^al^i'Pyramid, 60. 

" pyramidal class, 53. • * 

Duatom^ter, 58 • , 
lUmorphouB, 66.iji 
Di-n^gonal, 51 ' 

Di^opta*e crysLls, 53. 

Diploid, 60. 

Disperse phase, 79. . 

Dispersion media, 78. * 

Displacement, iKemical, 165. 

Dissociation, ele«teolytic, 154, 211-2*28. 
of salts, 213,^14. 
gaseous, 140, 160, 161, 171-174. 

influence of pressure on, 142, 

■ influence of temperature ou, 140. 
pressure, 174. 

Distillation, fractional, 113. 

of liquid mixtures, 112 
Di-tetragonal bi-pyramidal class, 53. 

bf-pyramids, 62. • 

Di-tngonal bi-pyr-nuids, 61. 
pyramidal class, 53. 
scalenohedral class, .53. 

Domal, 52. • 

Dome, 52, 

Doppler eftbet, 314. 

^n argon, 340. 
in helium, 314. 

Double salts, 200, 201. 

Dualistic theory, 195. 

Dulong and Petit’s law, 89. 

exceptions to, 90-91. , , 

Dumas’ vapour density method, ' 

Dyak is -dodecahedral class, ^§4,: , 

dodecahedron, 60 1 

Dynamic allotinpy, 67. • . 

equilibrium, 170. % 

Dy.sprosium, atomic weigh t^f, 25i> ^ • 


EAiti%8, 191.^ 
mild, 191. 

JCdges, crystal, 47. 

Ellusion of gases, 34. 

f instein’s formula, 93. 

lectrical osmostf, 83. • 

• properties of colloids, 83. 

Eleetrif chenfTical equivalent, 202. 

Electrodes, 202. 

Ijloctrolysis, 201. , 

El^trolyt4^]_201, 
qpn('''ji^tiVrtv of, 204-206. 

Electrolytic c^l, 20a 
' dissdbtation, 154, 211“228. ^ 

^rrhlhius’ tlieory^of, 212. 

Clausius’ Wioory af, 211. % 

sQrotthu* the?)ry*|f, 21^? •• 

, of Ailts, 213.214. • 

Electromotive force, transition pop(^ and, 


no, ^ 

Electld-neg&tive ccUoids, 8 l. t • 

elements, 20 JI • j 
Sl^Kltro-poffiti^ colloids, 83. ^ 

■* el€#nent 8 „. 203 .* « 

^roenl>,7,; | ^ 
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Elementary substance, 8. ' 

Elements, claseifioation of, PartJi, Cliap. 
p fViir • » ^ 

distribution of, and Perio«lic law, 27B. 
general properties of, 1^4‘t f. Chap. II. • 
hardness of, and th^ Uu-iodio law, 
272. • , ‘ " 

> periodic properties of, 272. 
periodontal lie of 269. 
prediction of new, 276. 
relative abundance of, 8. • 

spectra of, 234. • 

table of, 2.5. 

transpaioncy of, to X-rays, 5 
El(Miients of syiumeliy, 49. 

fielding colloidal solutionH, ' 

Ehastite, 333. 

Euantiomoi pilous forms, .56, 51 
Enautiotropy, 05. 

Endotlu rmic compound, KU. 
reaction, 162. 

Energy, conservation of, .5. 
dissipation of, 6. 
free, 169. 
intrinsic, 161.* 

Entropy, 169. * 

Equation, chemical, *24 • 

incompleteness of, 25. 
gas, 27. 

Equatorial symmelry, .54^ 

Eipiilibrium, chemical, 169-18 
constant, 171. 
ilisplacemeiil of, 178. 
dynamic, 170. 
law of chemical, 171 
of lieterogcneous systems, 

Equivalence paiuineters, 75. 
of camphor, 76. 

Eqitivalciit, eloob'o-eliemical, 202. 
cmiductivity, 205. 

• ratios, law of, 11 , 1 2. 

weight, (ieteiinination of, Part I. Chap. 
VII. • • 

Erbium, atomic weij^hLof, 25. • 

ifthanc, critical c^iislaiils of, 131., 
EthylenOj^litlusioii of, 33 
Ethylene di-bromine, molecular depression 
of, 209. 

Europium, atomic weight iff, 26. 

Eutectic, 116. * , , 

Euxeiiito.,303. , 

Exotliormic •ompound, 164. 
reaction, 162. 


• • 

Fatb, cajijikalline, 47. 
fuiidaiiientaljiD^. 
indices of, 51. *• 

, similar, 4^, .50. 

* i^yinbol, 51. * 

^^aradhy’s^aws, 202. 

Fergusonite, 30|, 804, 8i». 
Ferrio(*fchlorid«. solubility of, ' 

Ferrous sulpha*, crystalsmf,^!* 
Filters, Ijpchhold, 81. • • • 
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Fixeijl ratfca, law V, 10. 

Fluorinetatomic ^ipeight of, 25. 
boiling^polpt^f, 80. < 

melting-point of, 44. 
fFluor-spar, orystalfof, 64, 67. 

Form, crystal, 60. 

Fonnjnktion, nea^ of, K^. 

Formic acid, molecular dei^ession of, 209. 
Forms, crystal, combination of, 5^ 

^ enantiomorphons, 60, F7. 

Formula, 23. » 
molecular, 24^139. 

Vractional ci^atHllisation, 121. 

distillation, 113. 

Free energy, 169. ^ 

Kaidom, degrees of. 176. 

Freezing-point, molecular depression of, 122, 

144. 

curves, 116-120. 

Rreezing-^ints of dilute solutions, 121. 

of solutions, 114. 

Fretjuency, convergence, 235. 

oscillation, 234. 

Fundajmental face, 61. 

.seii’08, 238. * 

i * 

Gadolinium, atomfe weight of, 26. 

Gallium, atomic heat of, 88. 
atomic weight ofj 26, 88. 
melting-point of, 45. 
specific heat of, 88. 
valency of, 285. 

Gapnet, crystal of, 67. 

Gas equation, 27. 
laws, 20. € 

validity of, 28. 

Gaseous density, determination of, 130. ^ 
Oases, ditfusion of, 26. ^ 

liquefaction of, 39-43. 
permanent, 40. 
solubility of, in gases, 99. 
in^Jiquids, 99-102. ♦ 

in soWs, 107. f ^ 

, Specific jieat of, 96. ^ 

, Germanium, atomic heat of, 88. ^ 
atomic weight of, 26, Si’S, 
melting-point of, 45. 
t specific heat of, 88. 

Glucinum, atomic hpat of,' 88, 90. 

, atomic weight of, 26, 88. 
boiling-point of, 37. 
iholting-boint of, 46. 
specific heat of, 88, 90, 

Glyceix«ol, 78. 

Gmd, atomic heat of, 88. 

^mio weight of, 25, 88i^ <j 
boUifg'poi**^®^* 

cmelting-point of, 46. 
specific hMit of, 8^. 

Orabapi’^ law of di^usion, 26. 

Gnatn caloriSf 86. 

, Granite, 

' Oummitl^W e, 

OyVeW/ c^ysiiyorra of, he, 
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HaloiA salts, 194. 

Hampson liqueM, 

Hardness of elements, Periofii^laW and, 27t ‘ 

Heat, atomic,' 86. . > ’ 

integral, ofsolutiori; luo. ^ 
ligiiting, of solution, 186. 
molecular, 86. 
specific, 66. 
unit of, 86. 

Heat capacity, 86. 
of dilution, 166. 
of formation, 164. 
of reaction, 163. 
of solution, 166. 

summation, law of constant, 162, 
tone, 162. 

Heats, table of atomic and specific, 88-89. 

Helium, absorption of, by charcoal, 108, 
306 

absorption of cathode rays by, 816. « 

an allotrope, 300. 
a product of disintegration, 305. 
atomic weights of, 26, 821. 
boiliiig-})oint of, 36, 294. • 

chemical inertness of, 318, 
compressibility of, 294, 308. 
critical data for, 294. 
density of, 294^ 308. 
detection of, ^21. 
dielectric cohesion of,r312. 
diffusion of, 308-309. 
dispersion of, 294, 811. 

Doppler effect in, 314. 
eyolution oA f;vom radium, 359. 
fossil, 303.^ 
history o^, 298r. 
isolation,^f, 803. 

j , liquefawtion o^, 316. 

' meltifig-point of, 44. 

minerals containing, 803. ' 

molecular weights of, 294, jps. 
occurrence of, 801. 
percentage of, in air, 301. 
presence of, in meteorites, 303. 
properties of, 307-316. 
purification of, 3(f5. * 

refractivity of, 294, 310. 
separation of, from hydrogenfSOT. 
solubility of, 100, 294, 309. 

specific heat of, 31^. 
specific heat ratio, 294, 31«' • 

specific inductive caj^city 0^312# 
spectroscopic detectioA of, 2ff8, 80H ^ 
spectru^fi g\813. ^ “ 

springs containing, ^01, 302. , 

8upposei4.oompound,/)f, 320^' 
tabWf proptr^ties c^, 2f4. 
thermal clmductivity ol, 294, 810..,, 
vapour pressures of liquid, 317# 
viscosity 294, 309. 

^^eenxm eff^t i|p, 314. 
Hemi-brach^ome, 64, • 
hedrism, 6u. 
macrod^me, 64. 

I ' Wr^hism, 
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Bjspi^ttrphite otjretels, ^8. 

7pri8rti,64. • , • 

pyramids, 6% •. 

Bf64iy*8 law, lai; . 

law* of; W2. *' « 

tfaterogvieoua^ubstancos, 6. 

Hexagonal bi-pyraniid, 60. 
emtal, 66. 

system, 63, 65. • 

Hexakis octahedron, 67. • 

tetrahedral class, 64. 
tetrahedron, 68. 

Hofmann’s vapour density method, 136. 
Holmium, atomic weight of, 25. 

Holo-axial symmetry, 64. 

Holohedral classes, 52-56, 60 64. 
Homogeneous substances, 6. 

Homologous lines, 238. 

Hydrocids, 194. 

Hyd*ate.s, 200, 217. ^ 

Hydration, 217. 

Hydrazine, ionisation of, 223. 

Hydrogen, absorption of, by charcoal, 306. 
atomic weight of, 26. 
boiling-point of, 36. 
charcoal absorption of, 108, 
coefficient of expansion of, 28. 

(Sritical constants of, 181# 
deviation of, from Hoyle’s law, 28, 29, 30. 
diffusion of, 33, , • 

through metals, 107. 
melting-point of, 44. 
position of, in periodic table, ^74. 
solubility of, 100. # 

Hydrogen chloride, as80ciatRna)f,*156. * 
critical constants of, 1^. \ 
solubility of, 100. ^ 

cyanide, ionisation of, 223. « ^ 

iodide, dissociation of, 17f-172, 184, 
peroXK3, (Viconiposition of, 185. 
sulpliido, critical constants of, 131. 
diffusion <#, 33. 
ionisation of, 223. 
solubility of, 100. 
theory of acids, 194. 

Hydrolysis, 160. • • 

• wit, 227. 

Hydrolytic (Wjcomposition, 160, 227. 
Hydrosol, 78. 

Hydroxides, 198. 
basic, lO't • 

(iWloicJaf. Jutions 80. 
yielding colk>idal #olutiou3, 79, 


[CKifANP spar,^. * 

[cosite trahedftin, 67, •* 

[deal solution* 209.* 

HUocrase crystal, <3. 

[ildicea of crystal face, 81.# 
tndiOf), atomic beat of, 881 
fttoinic tvffiglu of, 2^ 88i ' 

pelting-po^ of, 46. 

Bp«:^hc heaf o% 88. 

. Talen^ of, 281. p * 


•induotibn period, 186. 

Inert gases, 29?. ' 
eleii^.ntary^ature of, 294.a 
general comparison of. See rert II. Qhap. 

II. • 

position of, in periodic table, .^96- 2"'’ 
table of properties of, ^94. 

Jntegral moloculcsi 2f. 

Intercejit^ 49. 

law of flriional, 4i. 

Intermediate compounds, 19( 
ions, 216. I 

Internal re-arrangementa, 16 
Intrinsic energy, 161, 

Invariant systeni-s, 176. 
loflfeno, atomic heat nf, 8D. 
atomic weiglit of, 25, 89. 
boiling-point of, 36. 
melting-point of, 
pei'Kxlic table and, 274. 
i spccifu! boat of, 89. 
j Iodine chloride, inonotropy ot 
lodo-succinimide crystals, 5-3. 

Ionic colour and the Periodic - . , . 

conductivity, 14)3, 206. 
mobility, 2u7, 218. • 

and atomic weight, 21 7 
and the l^riodic laW, 27^. 

Ionisation constant, 222 
primary, 223. 
secondary, 223, 

Ions, 202, 204, 
complex, 216. 
intermediate, 216, 
migmtion of, 206. 
mobilities of, 207. 

Iridmm, atomic heat of, , 
atomic weight of, 25, 89. 273. 
liBi ling- point of, 37. - 
ineltiiig-point^f, 46. 

I sifccilic heat of, 89. 

Iron, allotrd^>y of, 68, 
atomic heat^, 89. 
atomic weight of, ^6, ^9. 

•boiling-|K)int of, 37 
meltin^jiointo?, 45. 
specific neat of, 8$. 
transition points of, 66, 70. 
valency of, 286. • 

Iron sulphide, mohirular heat of, 
specific heat Of, 96. * • 

Isodimorphisi^i, 73. * 

Isomorphism, 70, 77. 
atomic weights and, it 
^criterion iff,* 72. 

lai 0^ U. 

AcogniHon of|>l. 

solid solution and, 109-110, 

Isomorphous elements, 78. 

• • table of? 74. • 

• ovci:groTfth, 73. ' ~ 

series, 73. 

Isopolgrnorphism, 73. 

Isi^nio 8oluti(%s, 126. 

Isotrimo^hism, 73. 
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JoULB’T^OMSoAeffeot, 32, 42. 

K1B8IBRITB, ^^ 3 . 

’lohlrauscVs law^f 204. 

aurora boifeiis ana/^2975( 349. 
boiling-point of, 36, 294. 

' oompreaaibility of, 294f348. 
critical data- for, 294. 

(ftnsity of, 29A, 847. 
hi8toi7 of/f346. 
isolation of, 847. 
melting-point of, 44, 294. 

^Violecinar weight of, 294, 848. 
occurfoncc of, 346. 
percentage of, in ai^;. 346. 
properties of, 347-3t)0. 

^ refra^tjjdty of, 294, 348. 
solubility of, 294, 348. 
specilic heat of, 850. 
specitio heat ratio, 294, 350. 
spectrum of, 348. 

, tajaio nf properties of, 294. 
viscosity of, 2^4, 348. 

Zeeman effec| in, ^360, 

tANDSBKROER-SAr URAI apparatus, 149, 
Turned and Pollard’s form of, 150 
Lanthanum, atomic heat of, 89. 
atomic weight of, 25, 89. 
meltiDg-point of, 45. 
specific heat of, 89. r 

Lanthanum nifrate, ionisation of, 213. 

sulphate, ionisation of, 213. 

Lav, Babo’s, von, 114. 

Blagden’s, 121, 122. ^ 

Boyle’s, 26. 

deviations from, 28. 

Charles’, 26. 

Dalton’s, 26, 99. 

Dulong iwid Petit’#*, 89 
Faraday’s, 202. 

Gay-Lussac’s, 26. 

Graham’s, 26, 

Henry’s, 101. 

, Hess’, 162. f 

Kohlrau-sch’s, 20^. 

Kopp’s, 96. '' 

fLussac’s, Gay-, 2o. 

Neiimanft’s, 95. ^ 

Ostwald's dilution, 221. 

Periodic, 268. 

. Raoult’s, 114. 

‘ Troutottte, 157. ‘ t 

Wfilliier’s, 114. ‘ 

Ifcw of chemical equilibrium, 1 
of combination by volume, ‘26^. 
ofcomlnning volumes, 14. 

weighti?fl2. « 

of con^jtion of energy , h. 

of qf angles, 48. 


Law ofconstaiithtttsimiiiwtipni 
of diffusion 28." . , 

of equivaleflt ratios, 11, 
of fixed ratios, 10. 
of isomorphism, 7Jf / 

of mass action, 168, 18L 
01 maximum work, 169. 
ofraiiltf^ile proportions, 10. 
of octavos, 268.' 
of partial pressures, 26. r 
of rational intercepts, 48. 
of symmetry, 48. 

Lead, atomic heat of, 89, 92. 
atomic weight of, 25, 89, 282. 
boiling-point of 87. 
freezing-curve of silver alloys j)t, 117. 

of magnesium alloys of, 117-118. 
melting-point of, 46. 
specific heat of, 89. 

variation in atojnic weight of, 282. •' 

Lead chloride, association of, 156. 
chromate, solubility of, 103. 
iodide, molecular heat of, 95. 

specific heat of, 95, • 

molybdate, crystals of, 52. 
sulphate, molecular heat of, 96, 
solubility of, 103. 
specific heat' )f, 96. 
sulphide, molecular heat of, 96. 
specific heat of, 96^ 

Leucite, crystal form ol, 57. 

Limiting densities, 133, 162. 

Liquation, 121. 

Liquefaction •'fmes, 39-43. 

Liquefier, fl^inpson, 41. 

Liquid crystals, f 1 . 

164-168. ^ 

Lithium, atomic heat 89. 

atomic weight of, 25, 89, 26(^26^. ^ 
boiling-point of, 37. 
melting-point of, 45. 
specific heat of, 89. . 

Lithium chloride, preparation of pure, 261. 
Lutecium, atomic weight of, 25. ^ 

f> V 

Macrodomks, 63. 

Macro-pinacoids, 63. 

Macro-pyramids, 62 
Magnesium, atomic Ireat of, 89. 

atomic weight of, 265* 89. 04 ^ 

melting-poilit of, 45, ’ , 

specific tmat of, 89. t 

Magnewvm anwquniu^ phosphate, 62. ■ 

potassiViiiTf sulphate, 512. 
sulnhate, crystals of, 52.^ 

Magnetic susceptibihty, Periodic law AWf 

/ m ( ^ ^ o , 

Malacone, 308, 333. 

Manganese, atomic heat of, 

atomic weight of, 25, 89, 

^ <jJ)oiling%oin^of, 3)1, 
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_ m^ting'poisit oi^ 45. 

heat of, 8d. • ^ 

Ijarsh gas. M ethane. 

Isas, conservation of, 4. 
wtion, law of, 1^, 111. 
ktaxiiunw work, law of, 169. 

Hedia, dispersion, 78. 
deltiwg-point, 43, 

influence of pressure oh, 43. 

' inothods of#etormining,«44. 
points, table of, of elements, 44-46. 
transition ])oints and, 69. 
llendel^eft’a periodic table, 269. 

Ifercnric bromide and io<lido, freezing-point 
curve of, 119. 

chloride, dissociation of, 142. 
influence of water on dissociation of, 
189. 

iodide, freezing']toiut curve of, 119. 
fholocnlar heat of, 95.^ 
specific heat of, 96. 
transition point of, 66. 
oxide, 4, 

moleculai’ heat of, 96. 
specific boat of, 96. 
sulphide, 4. 

molecular heat of, 96. 

* 8i)ecific heat of, 96. • 

Mercury, atomic heat of, 89.^ 
atomic weight of, 89. 
boiling-point of, 37. 
effect of heat on, 3.^ • i . 

freezing-point curve of eanmium and, 

120. 

melting-point of, 44. 
properties of, 3. 
specific heat of, 89. 

Meta-acids, 199. 

Metalloids, 9., 

Metola, • 
physical promrties of, 8. 

Meta-neon, 323f, 

M,etathesis, 160. 

Methane, critical constants of, 131, 
diffusion of, 33. 

Jfeethy I chloride, ^riticalWjon.staiits of, 131, 

• eiide, critical consbints of, 131. 

Migratfbn oWons, 206. 

Miller’s method, C5. 

Mixed crystals, 72. 

Mixture ofSI'hilorier, 37. 

y 

Mool^ities of i9ns/r2W. 

Molc^ar distance ratios, 76. 

formulft, 24, 189, 163. 

• heats. 86 . ml m 



scitodaotivity meetfuirenleiltdlndytlfiO.^ 
d^preasiojyf freezlng-poin^nd, 144. 
d^resai^of vapour tensi(m and, 146. 
ietemunhtihn of, from osnioti^ pressure, 


^oleculhr weights, deten^natioi^ . of, 1 
solution 143. ■ I 

el^tionCf boiling- 
CjXact determination of, isd.^ „ , , 
inflaento of solvent om 162. 
surface tension and, 164» 
of gases and vapoury 129-130. 
j of mire liquid*, 1^4- 1 6S. 

Molecules. 21. 
clcmenOTry, 21. » 
integral, 21. ^ 

Mctlybdemini, atomic heat o^ 89. 
atomic weight of, 26, 89. # 

boiling-point of, 37. 
moltmg-point of, 46, 
specific heat of, 89. 
valency of, 285. 

Moiittzite, 303, 304. ^ 

Monocliuic system, 62; 54, 63. 

Moiiotrupy, 66, 67. 

Morgan’s surface toai.sion method, 1 
Morphology of crystals, 7 6. 

Multiple propoitions, law of, 10. 
Mullivaloncy, 77. . 

Muriaticuni, 194.* 


Maeoite, 303. 

Neodymium, atomic weight of, 25. 

melting-point of, 45. # 

Neon, absorption of, by charcoal, H 
atomic weight of, 25, 291, 329. 
boiling-point of, .36, 294. 
oompre.s»ibility of, 294, 327. 
critical data for, 294. 
density of, 294, 327. « 

dielectric cohesion of, 327. 
history of, 322. 
iiHilation of, 324. 
lu^iiefaction off 328. 
melting-point of, 44, 294. 
occurreue^of, 323. 
jicreentage o^ in air, 323. 
permeability of q\^ii t|to, 326.# 
•propea’ties of, 327~32>f 
refractive iiidex^if, 294. ' 

refracti\f ty of, 2i*l, 327. 
solubility of, 294, 827. 
spectrum of, 827. ♦ 

table of propertifts of, 294. 
viscosity of, 329. * * 

Zeeman eff|ct in, 828. * 
Neoytterbiura, atomic weight of, i 
Nepnolometer, 246. 

I^iunann’s laW, 95. 
mef el, ^tQ/iiic heiit of, 89, 91. 
Atomic weighh^, -^5, 80. » 

melting-point of, 45it 
periodic classification and, 274. 
^*^necific heaWif, 89, 91.* 

OficKfl oxide, molecular heat of, 96, 
specific he^ of, 96. 
Niobiie-oolummte, 303. 

Niton, ab8orp1%)n of, by^ai^oJII^ 
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’•♦ a’ * ' 

itoD, cmitical Jlita of, 294, 368. * ^ 

densilv of; 294^ 867. 

8*6.* 

isolation bi, 866. 

Tnelting-point df, 44, 294. 
oocumn(ip of, ♦'356. 
pijpperties o|, 356^68. 
rad ioactivf change 3C8. 

solubility of, 294, 357. 
spectrum of, 357. * 

table of uroij'erties of, 294. 

^iftio acia andr water, freezing-point curve 
of, 118# 

oxide, critical constaiits of, 131. 
determination of density of, 260. 
physical data for, 262, ^ 

preparation of, 255. 

Nitrobenzene, molecular depression of, 209. 
Nitrogen, absorption of, by charcoal, 108, 

f 

atomic heat of, 89. 
atomic weight of, 25, 89, 254-264. 
boiling-point of, 36. 
critioal constants of, 131. 

..deviation of, from Boyle^s law, 28, 29, 30. 
diftusion of, 331 
melting-poinj; of, 44.1* 
solubility of, in digauic liquids, 100. 

in water, 100, 101. 
specific heat of, ^9. 

NitrogeiS peroxide, association of, 141-143. 
(dissociation of, 173, 179, 189. 
preparation of, 256. 

, results of analysis of, 261, 

Nitrosyl chloride, analysis of, 266. 
preparation pf, 250 
results of analysis of, 262. 

Nitrous acid, ion’sation constant of, 223. 
oxide, analysis of, 257. ^ 

coefficient of expansioifof, 28. , 

.critical constants of, 13 J. ^ f 

deviation of, from Boyle’s law, 30. 
diffusion of, 88, « 

gravinMtric anaiysif-of, 267. 
r, gravimetric analysis results, 261. ' 

physical data for, 20‘/ ^ ' 

preparation of, 266,* 
volumetric analysis of, 257. 
t volumetric rf.ialysis results, 262. 

Noble gases, 293. ^ee Inbrt gases. 
Non-metals, 8. ' 

physical properti^ of, 9. f 
Normal satts. 196. ^ 

Notation^ crystallographic, 61. 


OoctusiON^ 107. ' I, 

Ootahei^roB, 67. ' 

Oftaves, law of, 268. 

Olivine, crystal forth of, 63. « 
Open forms, 60. » 

prism fojfmS, 60. 
Orgauos^i^ 
<^Ortho-a<ffa«:. , 


« e ' • , 

Ortho^ombs, 63. 

Ortho-pinacoid^' 6^. 

Ortho-rhombffo crystals, 65f 
• system, 52, 66, 62.. 

Oscillation frequenej^ 2JfH. j/ 

Os^iiuin, atomic heat of, 89. • 

atomic weight of, 25, 89, 273. 
meltin^point of, 4.6. 
specific heat of,' 89. 

Osmose, electrfeal, 83. • 

Osmotic pressure, 122-127. 
conductivity and, 124. 
gas laws and, 124. 
indirect measurement of, 126. 
measurement of, 123. 
molecular weight and, 144. 

Raoult’s law and, 126. 
temperature and, 124. 

Ostwald's dilution law, 224. 

Oun, 240, r 
Overgrowth, isomorphous, 73. 

Oxidation, 159. 

Oxides, 197-198. 
acidic, 197. 
aiiiphoteric, 198, 227. 
basic, 197. 
neutral, 198. 
per-, 198. * 

sesqui*, 198. 
sub*, 198. » 

yielding colloidal solutions, 79. 
Oxygen, abs^rjition of,, by charcoal, 108, 
atomic heat of, 89. 
aj;omio weig*itof, 26, 89. 
boding-poi^itw, 87. 
critics constafts of, 131, 
deviation^ of, from Boyle’s law, 30. • 

(, dilfusioH of, 

mcUihg-point of, 44, , 

solubility of, in water, 100, 
specific heat of, 89. 

Oxygon theory of acids, 192,^ 

Ozone, decomposition of, 184, 188. 


Palladium, atoinif heat of, 89. 
atomic weight of, 25, *89. 
boiling-point of, 87. 
melting-point of, 46. 
specific heat of, 89. 

Palladium hydricle, 

Parameters, 51. 
equivalence, 75. 
ofcamuw, 76. 

Parheliuifi, 30G. ^ * 

Partial prewui^e, Daltq'v’s law^of, 26, 
Pentagimai dodftcahedjtTi^^JO. 

icosi tetrahedral class, ^3. ! 

Period, induction, 186. ' 

Periodic law., 268/ '' 

atcwiic'strrcwre and, 276. ^ 
atomic -^luirres rfud, 27(1 
exceptioSs to, 274; 
radiojclements and, 27£ 

« rare wrth^^and, 



taw, vakncy^nd^ 286 

^ ^68 of elements, 27% 

, ftdran^g^s of, 
imperfections in, 278. 

Mendelbeffa, 2^.,. 

■ riiodjficatiOTS of; 2/6. 

Permanent gases, 40. 

[^er-oxidee, 6. 

Phase* 6. ‘ 

•disperse, 79, 

Phase rule, 174-178. 

Phosphine, critical constants of, 131. 
Phosphorus, association of, in carbon di- 
sulphide, 162. 
atomic neat of, 89. 
atomic weight of, 25, 89. 
boiling-point of, 37. 
mefting-point of, 45. 

underpressure, 43. 
specific heat of, 89. 
valency of, 285. * 

Phosphonia penta-chloride, dissociation of, 
173. 

tri-chloridj, association of, 156t 
Photochemical change, 186. 

Physical changes, 3. 

Pinacoid, 52. 

4>asal, 61, 63. 
brachy-, 63. 
macro-, 63. 

Pitch-blende, 298, 3*3, 

Plane, axial, 51, 
basal, 61, 62. 
parametral, 61. 
of synimctiy, 49. 

Plasmolysis, 126. 

Platinum, atomic heat of, 8., . . 
atomic weight of, 25, 89, 273. 
boiling-point of, 37- * 

colloiatl^tJ catalyst, 188. 

IH^ting-point of, 46. 
specific heatrwf, 89, 91. 

Polar symmetry, 54. 

Polybaaio acids, 194. 

Polycrase, 303. 
polymorphism, ^4, 65. ^ 

, pnantiotropic, 66. 
irreiiprsibj|,, 67. 
raonotropic, 67. 

I types of, 65. 

Potassiumj^tomic heahof, 89. i 
^jnio%^ght of» 3f» 

4)oilmg-poi%t 

mating- point of, 46. <• 

peribd^ clessification and, 27*. • 

• station of, in amniuuia, 177. 

specific he*i*ojr, 89^ i ' 
Potassium chViridef n^DleciPlOT i)#at oH 96. 

• sj^ifio hea^of, 96. 

• di-wfomate crystal sji 6^ • • 

di-hydrogen phosphate W. 

W^-cyaftide, osmdfjc p|o*lulj of,^126.% 
Ihaitnesium^lphate crystalff 62.{ 
aslooiatipn of, 166* 

Otystals of ,#68. 


SPBJJCT 


INDEXf 




m 


l^otassium nitrate, fiieozinglpoint turvd o 
thallium nitrate an* 120. ^ 

tranaitioq^oint of, 66. • ' a? ^ 

» sulplate, crvjhydrio poinruf/i 1 1 ^ 1 ^ 
crystal; of, 52. ^ 

degree of dissociation of^^ 213. 
tetra-thionale crystals. 62. • 

I Praseodyininrn, atomifi weigh 26. • 

• melting-point or; 45. 

Precipitates, solubility of, 246, 

Prerhetion of new efenieiits, 275. 

Pressure, critical, 38. • 

dissociation, 174.. • 

gaseous solubility and, 101, ^ 
osmotic, 122. 


Iplubility and, 107. 
transition points and, 69. 
vapour, 34. 
of solids, 46. 
of water, 85. 

Principal series, 235. 

Prism, 52, 53. 

Propertie.s of elements and compounds. %S( 
Part I. Chap. 11. 
of gase.s, 26-34. * 
oflioiiids, 34-f^. 
of solids, 43 46. 

Protopyramid, 62. , 

Prout’s liypotlipsns, 265. 

Purple of Cassius, 80. 

Pyramid, 52. * 

Pyramidal class, 52, 63. 

Pyrites claas, 60, 
crystal, 60. 

Pyritobedroii, 60. 

Pyrochiore, 303. { 


Qu^dkatic system, 6; 
Quantum tbeoi-3^92. 
Quaiter nyraund, 64, 
^Quartz elass-'f 61. 
crystal, 62. 

QuicKsilver. Jb'ctJ Mercury. 


KADiOAU'ijjiVE constant, s, 183. 

transformation, io3, 186. 
Radio-elements, periodic classification am 
279. * 

table of, 279. • • 

Radium, itotnic weiglit (/, 26, 239. 
Itamsay andfShield’s surface tension metha 
154. • • 

Itaoult’s laAV, 114. 

]ib|g of chemical change, 181. 
Ri^ioniA^fhterc^s, law of, 48. 

Reacti^'h, balanced, 170. 

heat of, 163. ^ * 

• reversible^ 169-171. , 

- •velocity of, 181. 

^RecafescoTice point, 70, * 

Reduction, 16'^ 

Refractive indkes. Periodic Uii 

" ’frigeration,'elf-inteiMlipfery 



^ m6jtt>5 for. gas dens4Ue8,\J»0^ 
' R^a^ve Ctrtngti/s of adds and bases, 

, Eesista^^j speei^o, 205. ^ ^ 

r^tons, 169-171..^ 

Rhodium, atomic heat of, ^9. 
atomic weight oV, 26, 89. 
boiling-paint 6f, 87. 
mdting-po^t of, 4\j„ 
specifioJieat of, 89. ^ 

Rhombic dodecahedron, 67. ^ 

sphenoids, 68. ^ 

ejstem, 62,, «• 

Rhonofcbohedra, 0>^. 

^Khombohodill class, 63, 
system, 61. 
v^pck salt, 303. 
jhujidium, atomic heat of, 89. 
atomi<f weight of, 2.6, 89. 
boiling-point of, 37.a 
melting-point of, 45. 

*■ seriesdf. .es of, 237. 

specific heat of, 89. 

Kuthenitim, atomic heat of, 89. 
atomic weight of, 25, 89. 
bojlyig- point of, 37. ‘ 

»iV»36ting-point 9Jf, 46. ‘ 

specific heat of, 89. 

Rutile, 803. f ' 

, Rydberg constant, 234, 


Salt hytfrosol, 227. 

Salts, lOl-'lOa, 199-201. 
acid, 196. 
ainphid, 194. 
basic, 199. \h) 

colloidal solutions of, 80. 
complex, 200. 
double, 20j). '* 

haloid, 194. «.• 

normal, 196. 
triple, 200. 

yielding colloidal solutions, 79. 
Samarium, atomic weight of, i 6. 
jn^elting-point of, 45. ^ 

’ fiumSarskitft 303, 304, 3l8.(« 
Scalonohodra. 61. 

Scalenohedral class, 53. 
Scandium, atomic weight of, 26. 
Selenium, atomic heat of, §9. 
atomic weight of, 96, 89. 
boiling-point of, 87. 
noelting-point of, 46, ' 

specific hfeat of, 89. 
valency of, 286. ^ 

, Self-intensive refrigeration, 41, 
Senarmonite, 73. , 

Series, difFuw, 236. ^ 

fhndaluenta], 288. ^ 
^^fiihcipal, 236. ^ < 

shain, 285. 

Seri^‘ lines, ^4. 

^ Sesqui-<j^i4^<ij 198, 

SilibOD, aj^fc 89, 90.*' 
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r hSiHoo%.atoiMoyreighb'of,, 5®. 
boii&g-poinKf,37. ;■ 
meltlBg-pqhiitot^S/- ‘ 
specific heat of, 89, 90, 

** valency of, 286. 

Silicon tetra-chloride, asawiaiion 6j^ 166^ 

Silver, atomic heat of, 89, 92, 
atomic weight of,' 25, 89, 
boiling-point of; 37, 
colloidal,, 80< , ’ 

freezing-point curve of ‘lead alloy ( 
117. 

melting-point of, 46. 

Jtl)ecific heat of, 89. 

Silver bromide, solubility of, 103. 
chloride, association of, 156. 
molecular heat of, 95. 
solubility of, in water, 103. 
spccilic heat of, 96, 
iodide, solubility of, 103. 

tmnsition point of, 66. 
nitrate, transition point of, 66, 

Similar faces, 48, 60. 

Simple atoms, 17. 

Sodium, atomic heat of, 89. 
atomic weight of, 25, 89. 
boiling-point of, 37. 
melting-point of, 45. 
solution of, in ammonia, 177. 
s])eoific heat (f-f, 89. 

Sodium chloride, cryohydric point of, 
115. 

crystal of, '67. 

degree of .dissociation of, 213. 

♦effect urn'feure on solubility of, 107. 
freezing-point curve of, 116. 
nitrate, associa^non of, 3 66. 
per-iod^*7> ery.stals, 6.3. 
siilphtite, soluoility of, 106. 

the phase rule and, 176. ^ 

sulphide, 197. 
f Sol, 78. 

Solid solution, 109. 
isomorphism and, 109, 110. 

Solids, properties of, 43-46. 
solution of, in liqv’^Si 102rl09. 
in solids, 109. 

Solubility, 98, 100. 
minima of gaseous, 101. 
transition point and, 69. 
variation owgaseonSi with presa'.ire, 101, 
with teiiipmture,'t'' 01. 

Solubility of gases in gai%-..,-.99r 
in organicfJiquids, 100. 
in soirls? 197. 
in watet, 100. 

Solute, 98, 

t influe^ m, on aoliftion, lOi. 

* a Solution. Part I. Ohap. IIL 

(ftfininon V, 08. 0* r ** 
effect of prftisnre on* 10)^« 
temperature or, 104- « 

Ijeat of, t36. 



Solutfto, ideal, 209. 

* •Influence of fiblute on, 
of solvent 06. ® 

integral h^of, 166. 
limiting he^t', 1^. 
solid, 109, • 

temperature, critical, 1^. 
theory of dilute, 208-2ju 
Solutidns, conjugate, 102. \ 
distillation of, 112. 
freezing-pointe^f dilute, 114. 
isotonic, 126. 
supersaturated, 110. 
vapour pressure of. 111, 113, 
of gases in gases, 99 
in liquids, 99. 
in solids, 107. 
of liquids in liquids, 102. 
of solids in liquids, 102-107. 
ill solids, 109-110. 

Solvation, 217. • 

Solvent, 98. 

influence of, on solution, 106. 
Sorption, 109. 

Space lattice, d6. 

Specific conductivity, 206. 
heats, 86. 

•Dulong and Petit’s law |^f, 89. 
mean, 86. 

quantum theory and, 92. • 
heats at low tompefttures, 92. 
of compounds, 96. 
of gases, 96. 
of water, 86. 
resistance, 205. 

Spectra of elements, 234. 

Sphene, 303. 

Sphenoidal class, 52. 
f’fipinel, crystal form of, 67. 
Straii*ium*^oftiic weight oi, zi). 

ilRi^ig-point of, 46. 

Strontium antin^^nyl tartrate, 63. 
h fluoride, solubility of, 103. 
sulphate, molecular heat of, 95. 

solubility of, in water, 103. 

« STiecific heat qf, 96. ^ 

Sb'vpnnine sulphate, 62. 

SubTimaition, 46. 

Sub -oxides, 198. 

^bstitution, 160. 

Serose, invpj;sion of, 18^ I 
osMiotic ^MSiire of sections of, 160, 
Suljrfiid ^ cmlqjda^rt^tions of, 80 
, Sulpliw^ allotropy of; 86. - 

atomic hpat of, 89. 

♦atofnic weight of, 26#89. 
1)oiling-poinl 9f, ^7. • ♦ 
dynamic allotroj>y«DT|i67. * 
^eltiilg-point o4 46. 
properties of, 8. • * 

rlmi^ic crystals of, 68, i 
sjilb^ heat 0 ^ 89. I 
transition wmt of, 6,8„ 69, 
valejicy of, S56« 
vapouTj dissociation oj 141.^ 

^ VOL. r. 


^Iphur^i-oxiae, coeificientY 

critical coi^ants of, 131. 

• diflhsion of, 33. * « 

liouefaction of, 39. 
solubility of, in water, 100. 

mono-chloride, association of, 1#6. 
•Sulphuretted hycy-oj^iT^ Hydrogen 

• suljihide. 

Sulphunc«cid, association of, ir>6. 
Sulphuryl chloride, association ot, 166. 

Supei saturated solutions, 110. • 

Surface tension and molecula? woiglit, 16^ 
Sylvine, 303. • 

Symbols, 23, 

t)^le of, of the elements, 25, 

Symmetry, 49. 
alLeinatiiig, 64. 
centre of, 49. 
elements of, 49. 
eijuutorial, 54 
holo-axial, 54. 
law of, 48 
plane of, 49. 
polar, 54. 

Synthesis, 169. * 

System, cubic, 68, 6' 
hexagonal, 68, 55. 
monoclinic, 52, 54 
ortho rhombic, 62 
tetragonal, 52, 65. 
tri-clinic, 62, 64. 
trigonal, 63, 56. 

Systems, ciystallogiaphic, 52-64, 
heterogeneous, 173, IM. 
homogeneous, 171, 1|^ 
invariant^ 175, 


TanAlum, alonuf^heat of, 8l 
atomic weight of, 25, 89. 
%nielting-poi«t of, 46. 

sjtecific heat of, 89, 

Tartaric acid cr^tals, 52. 

TeUnnc screw, 268. • • 

Tellurium, atomic Ipuat of, 89. 
atomic wigght of, 89. 
boiling-point of, 3/. 
uielting-poiiit of, 46. 
specific heat of, 81^. 
valency of, 286. 

Tellurium aaid periodic cl, ii*.siticatiun, 274 
Tempciatuie, fiitical, 36, 38 
Cl itical solution, 102. • 
efleUof, on ^seouH .sidubility, 101. 
%i^i solution, 101 . 

Terl^um,t(<f!lmie Might of, 25. 
Tetragonal bi-pyiffmid.s, 62. 
crystal, 56, 
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Tetiahearite cIbm, 58. 
crystals, 64, 69. 




'etralw^rou, 1^9* 
’etrjiki(?tetralRMron, 67. 
'eti‘amorphism„ 66. ' 

'halliti’m, atomic heat of, 89 


• # • 

Tun^ten, atomic heat of, 89. 
atoinic weig^ o^, 26, 89. 
nvelting point o^ 46. 
specific h?at of, 89. 
a valency of. 285. 


atomic 'weightVf, 25, 89. 
boiling-yoinfrof, 37. 
n>elting-pmut ofi'^5. 
specific li?at of, 89.' * 

thallium nitrate, freezing-curve, >20. 

transition point of, 6(7. 

['honnocheiT>3try, 161-167. 
riiorianite, 30A 
rhorite-orat^geite, 303. 

Thorium, atomic heat of, 89. 

atomic weight of, 25, 89. 
bamel ting-point of, 46. 

specffic lieat of, 89. 

Thulium, atomic we^'ht of, 26. 

Tin, allotrojiy of, 66. 
atomic heat of, 89. 
atomic weight of, 25, 89. 

^oiling-point of, 37. 

freezing-point curve of bismuth alloys of, 
116. ■ 

«»jwelting- point of, 45. ' 

•specific heat of, 89. 
transition p()iut of, <)6, 69. 
trimorphous, 65.*^ 
valency of, 286. 

JHtfuium, atomic^ heat of, 89. 

atomic weight of, 25, 89. 
c melting-point of, 46. 

specific heat of, 89. 

Tpbernitc, 803. 

Topical axial ratios, ’^'6. 

Tourmaline class, OS'. 

crystal, 53, 62. 

Transference n^fvibcrs, 207. 

TransforESItion, latent h^t of, 70. 
radioa^ve, 183. 

Transitio^Aemiierature, change of coh 
and, 

change of crystal form 69. 

condectivity 
detwraination of, 67^ 
influence of pressure on, 69 . , 
melting-points ancf, 69, 70. 
solubility and, 69. 
temperatures^ table of. 66. 

Transparency, of elpnienis to X-mys, 234. 
Transpiration of gase.s, 34. , 

Transport numbei-s, 206. t 
Trapezohedral clasr, 52, 53. 

Trapezohedron, 67. 

Triads, Dumas’, 266. 

Triakis octahedron, 57. 

Jtetrah^ron, 58. 

Tri-clinic system, 52, 54. 

'Trigonal prisms, 61. 
system, 53, 65, ^6L 
trapezohj^ra, 0?'. 

Trimorphi^i, 65. 

Trofl^ri t^Ed? ^. 

Troutof^s»V(^*l 


Tyndall test, 80. 

ULTRA-Fi^LTKATiyN,. 81. 

Ultra -micro8Cop(^ colloidal solutions and, 80. 
Unimolecular'fchange, 183.*"- 
Unit of heat, 86. 

Uni variant system, 176. 

Universal constant, 234. 

Uranium, atomic heat of, 89. 
atomic weight of, 25, 89, 94, 
specific heat of, 89. 
valency of, 285. 

Urea crystals, 62. 

Vacuum flasks, ^2. 

Valency, 282-289. 
a variable property, 286. 

Barlow and Pope’s theory, 7^5-78. 
colloids and, 84. 

Periodic law and, 286. 
theories of, 287. 
volume, 76. r 
Valentimte, 73. 

Vanadium, aUmic he^ of, 89. 
atomic weight of, 25, 89. 
melting-point of, 46. 
specific hta^ of, 89. 

Van der Walls’ equation, 31. 

Vtfpour (i?uyuU'?, Dumas’ method, 136. 
Hofmwin^s method, 136. 

Victoc Me/er’s method, 187. 

Yoq«\g’8 m^ithod, 137. 
denrity at h^gh temperatures, 138. 
pressure, 34. * 

dynamic nioasurement of, 35. 
molecular depression 0^114. 
static measurement of, 35. 
transition temperature and, 69, 
pressure of dilute solutions, 113. 
of liquid mix^ires, lU, 
of solids, 46. 
of water, 36. 

Velocity C(»nslant, 182. 
of reaction, 181 . 

Victor Mejgl}i'’s valour densi^fj apparatus, 
137. 

Volatilisation, 46. 
c 

Walden’s method. 

Water, aj^jociationkof^ 141, JfSfl, 158. 
di^ociariotfoL', 22^.'‘‘ « p 
elimination of, from chemicals, 2*44. 
infljjieny of, on qfietnical reactions, 189^ 
on diL^cia^on, 189. 

4* mehin^idtnt of, under pressure, 

speoiBcVt^.SV. 

vapour msion of, 36. 

Wave nvpib^r, 234.p , 
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Wolflwite, 303. 

' Milliner’s laT(^ 114. 


X-RAYS, trtl^parency Ui L 

and crysta%50. ^ 

Xenon, atomicweignt m, 25, 354. 
boiling-point of, 37, 234. 
compressibility of, 291^52. 
critfml data for, 294,\3lb. 
density of, 29i, 351. / 
history of, 351. 
isolation of, 351. 
molecular weight of, 291, 352. 
occurrence of, 851. 
percentage of, in air, 351. 
properties of, 351-354. 
refractivity of, 294, 352. 
solubility of, 294, 352. 
table of properties of, 294. 
viyosity of, 294, 352. 

Zeeman effect in, 353. 
enotine, 303. 


% • 

jparency oioiutmi.: 


^ ouNQifj vapour densv.^ 
Ytterbium, at(miic weight or 
Yttrium, atornii weight of, ^ 
f^ttro-lintali^e, 303. 


Zkkman effect, 238. 

in helium, 314.,^ 

• ill krypton, 350T 
m neol!^ 328. ^ 

in xeiion, 353, 

Zinc, atomic heat of, 89, 92, 
atomic weight of, 25, 89. 
boiling-point of, 37. 
melting-point of, 45, 
^recific heat of, 89. 

Zinc blonde, crystals of, 59, 
Zircon, .53, 62, 303. 
Zirconium, atomic heat nf, 8 
atomic weight of, 25, 89, 
melting-point of, 46, 
specific heat of, 89. 
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